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Abstract
This thesis presents various work done towards achieving miniaturization of 
circuits at microwave and millimetre-wave frequencies. Included are 
techniques for the characterization of dielectric materials, mainly low 
temperature co-fired ceramic (LTCC) and barium strontium Titanate (BST), 
using a free space method at frequencies between 145 GHz and 200 GHz. 
Data from the measurements provided new information on the performance of 
dielectric materials at high millimetre-wave frequencies. A new method to 
characterize dual-layer materials is also introduced in the thesis. Using BST 
as a distributed varactor, a new, miniature tuneable bandpass filter was 
developed. Measured results from the filter show a very significant 
improvement in performance compared to other similar structures, reported 
elsewhere. Other work on the theme of miniature components included the 
development of a narrowband bandpass filter at 150 GHz, using rectangular 
waveguide as a prototype for an LTCC design. In this filter work the design 
procedures commonly used at lower frequencies were modified to give 
optimum results at high mm-wave frequencies. The effect of miniaturizing the 
area occupied by microwave and mm-wave circuits was also investigated. 
This lead to new information on the optimum spacing of circuit 
interconnections, and on the effectiveness of isolation structures, for both 
single and multilayer circuits, operating over a given frequency range.
Keywords: LTCC, Characterization, Tuneable filter, Narrowband filter. 
Isolation structures.
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Chapter 1
Introduction
1.1 Objectives of the Research
In the mid 1950s, electronic industries were investigating methods to 
miniaturize components, which would lead to low cost, reliable, small sub­
systems of high complexity. This generated high interest in hybrid 
microelectronic circuit technology, particularly for high frequencies. The hybrid 
circuits proposed were a complex assembly of several levels of components, 
including passives and semiconductors.
Next generation communication systems will probably exploit the mm-wave 
frequency bands. So there is need to establish design rules for components to 
be used at these frequencies. These components will need to be compact, as 
well as low cost, to be economically viable.
Recent developments in materials for thick film and LTCC (low temperature 
co-fired ceramic) circuits have made these technologies viable and attractive 
options for very high frequency circuits. It is the investigation of the practical 
implementation of these technologies for next generation wireless 
components that forms the main theme of this project.
A particular objective of this work was to investigate the design and fabrication 
of miniature millimetre wave planar components. It is intended that the 
outcome should provide data on microwave hybrid component technology as 
a low cost alternative to MMIC (monolithic microwave integrated circuit) 
technology at very high frequencies.
1.2 Thesis Outline
The main objective of this thesis is to investigate the application of existing 
technologies, used at lower frequencies, for use in high millimetre-wave 
frequency applications. Figure 1.1 shows the flow of the research/thesis.
• Studies o f the microwave 
theory and circuits.
• Material characterization * • Ring filte r •Waveguide filte r
• Theory and hand-on 
fabrication technique.
•Cross-talk reduction 
circuits
Figure 1.1: The progression of the research 
A summary of the chapters in this thesis, following the introduction in chapter 
1, is as follows:
In chapter 2, the principle of transmission methods used at microwave 
frequency are presented where both transmission line methods and also free 
space propagation are discussed. Microstrip and waveguide are the 
transmission lines discussed as these are the particular types of transmission 
line used throughout the research. Appropriate transmission lines theory is 
given along with some design methodology; the advantages and 
disadvantages of the two transmission line technologies are also presented. 
The characteristics of free space propagation are presented along with an 
example of a radiation element, namely a horn antenna, which is used later in 
the research.
Chapter 3 describes all of the fabrication techniques available to produce the 
circuits. Background information and specifications for thick film, 
photoimageable and thin film processes along with LTCC (low temperature 
co-fired ceramic) are provided. The physical limitations of each fabrication 
process are discussed, and a comparison of fabrication costs is given.
The high frequency characterization techniques for the above materials are 
reported in chapter 4. Waveguide cavity and ring resonator techniques, 
commonly used to characterize materials at lower frequencies, are examined 
and the limitations of these techniques at higher frequencies are considered.
The free space measurement technique is considered as an alternative option 
to characterize materials at very high frequencies. The advantages of using 
this technique at mm-wave frequencies are discussed, and data on the 
required measurement procedure are presented.
In chapter 5, the results for various dielectric materials, characterized at 
frequencies between 145 GHz to 200 GHz using the free space technique, 
are presented and discussed. The permittivity and loss tangent of dielectric 
materials relevant to this work are shown and the results are compared to the 
manufacturers’ data (although this was available only for much lower 
frequencies). The measured data is shown to yield good results. A technique 
to measure the properties of materials in a dual layer sample was also 
developed, primarily to make free space technique applicable to the 
characterization of thick film materials. The effect of characterize dielectric 
material parameter on circuits performance is also shown.
In chapter 6, a novel method for designing and implementing a tuneable band 
pass filter, using BST (barium strontium titanate) as the tuning element, is 
described. The ring structure was preferred over other microstrip filter 
structures due to its simplicity. Distributed implementation of a thick film BST 
varactor was also used in the design. Data on the design procedure, together 
with the performance and tunability of the filter are presented.
The design and fabrication of narrowband waveguide filter working at a 
frequency of 150 GHz is outlined in chapter 7. The design procedures used 
for lower frequencies were applied at 150 GHz and conclusions drawn about 
the suitability of the various formulae for mm-wave applications. Some 
modifications were made to the conventional low frequency theory so as to 
give a good result. The outcome of the work in this chapter demonstrated the 
feasibility of fabricating this type of narrowband waveguide filter within an air- 
filled LTCC waveguide. Integration of the filter in this way provides opportunity 
of achieving good compatibility with other planar components.
High demands for smaller circuit sub-systems have encouraged circuit layouts 
to be more compact. In order to optimize the circuit area, two transmission 
lines might be designed to be physically close leading to a problem with
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unwanted coupling, known as the crosstalk effect. The design of a crosstalk 
reduction circuit is shown in Chapter 8 along with the outline of rules for 
designing miniature circuits at 110 GHz.
1.3 Novelty
New data was obtained on the properties of LTCC and BST materials at high 
mm-wave frequencies in the range 150 GHz - 220 GHz. The work required a 
new measurement technique to be developed to measure the properties of 
individual dielectrics forming a dual-layer sample. Mixing theory, which is 
normally used to determine the individual permittivities in composite materials, 
was exploited to find the material parameters in the dual-layer samples. This 
technique was useful for characterizing materials such as thick film, which are 
not self supporting.
The design of a multilayer tunable ring filter which incorporates a distributed 
varactor in the design is also new. This technique eliminates the need for a 
varactor diode which is likely to increase loss at high frequency, both from the 
diode itself and from the soldering work to fix the diode onto the circuit. Thus 
this works provides alternative to conventional current design.
Other work, such as the narrowband waveguide filter examined the limitations 
of waveguide usage at very high frequencies, and opened the possibility of 
incorporating an embedded air-filled waveguide filter in planar component 
configuration within a single tile.
The investigation on cross talk reduction at high frequencies was new, and 
the benefits for the design of very compact circuits. The outcomes of this work 
provided new design rules that will help the circuit designer determine the 
minimum permissible distance between two transmission lines in a circuit. 
This leads to minimization of the cost, and to optimum miniaturization of 
circuits.
1.4 List of Publications
1 N. Osman, R. Leigh and C. Free “Characterization of LTCC Material at 
G-band” International Microelectronics Symposium, San Jose, Ca. 
Nov. 2009. (Won outstanding student paper award)
2 N. Osman, R. Leigh and C. Free “Substrate Characterization at G-
band” IMAPS Advanced Technology Workshop on RF and Microwave 
Packaging, San Diego, Ca, Sep. 2009.
3 N. Osman, C. Free “The Behavior and Characterisation of Circuit
Material at High Millimeter-wave Frequencies” Proc. ARMMS RF and 
Microwave Society Conference, 2010.
4 N. Osman, C. Free “Method for Characterizing Dual-layer Material
Using Free Space Technique” Accepted for ARMC (Asia-Pacific 
Microwave Conference), Yokohama, Japan, Dec 2010.
5 M. Henry, N. Osman, T. Tick, C. Free Integrated Air-filled Waveguide
antennas in LTCC for G-band Operation” Proc.2008 Asia Pacific 
Microwave Conference, 2008
6 W. Ali, N. Osman, C. Min, and C. Free, “Multilayer Thick Film Circuits 
for Microwave and Millimetre-Wave Applications,” Proc. 32nd 
International Microelectronics and Packaging Conference (IMAPS- 
CPMTPoland 2008), Poland, 2008.
7 H.L. Hartnagel, D. Schçnherr, N.H. Osman, C. Free “Optically Hidden, 
Secure Data of Matrix of Metal Squares by THz Wave Interaction” 
Frequenz Journal of RF-Engineering and Telecommunications, v 64, P 
85-86, May/June 2010.
8 A. Abeygunasekera, N. Osman, C. Free “A Novel Active Multi-layer CP 
Antenna with Beam Steering Capability” Proc. Asia Pacific Microwave 
Conference, 2008
9 A.O. Undo, A.P. Mathews, M. Gopikrishna, N. Osman, R. Leigh, C. 
Free, A.C Handroth, Parallel and End Coupled Microstrip Band Pass 
Filters at W-band” Proc. Asia Pacific Microwave Conference, 2009.
Chapter 2
Essential Requirements for High Frequency 
Circuit Design
2.1. Introduction
To convey signals from one point to another, a transmission medium is 
required. Signals can be transmitted through free space or guided through a 
dielectric medium. Free space transmission is mostly used in long distance 
communication where radiating elements are employed to radiate the signal 
from the transmitter to receiver. Transmission through dielectric medium is 
more common for transmission line applications, and is used in planar hybrid 
circuits, which is the subject of this thesis.
A transmission line is any pair of conductors that link together an electric 
system, component or device. Transmission lines come in many forms. They 
can be a single piece of wire, parallel wire, coaxial cable, or waveguide. In low 
frequency electronics, wires or conductive tracks are simply used to connect 
one component to another. However, at high frequencies a simple piece of 
wire will not work as it will introduce mismatch and unwanted radiation that 
contribute to high loss. Better transmission lines structures are needed at 
these high frequencies to reduce the transmission losses and improve the 
matching. These transmission lines need to have precise transmission 
characteristics with well defined dispersion, and precisely known relative 
permittivity of the substrate at the particular frequency of operation.
In this section planar transmission lines suitable for use at RF and microwave 
frequencies will be discussed. Fundamental properties of planar transmission 
lines such as microstrip and metal waveguide, along with free space 
transmission, will be described together with design methodology, which will 
be used later in the thesis. Also discussed are some essential parameters for 
a good performance at high frequencies.
2.2 Transmission Methodology
In this section relevant types of transmission will be discussed along with 
advantages and limitations of each type.
2.2.1 Key Parameters
Before any type of transmission line can be introduced, it is essential to first 
describe few key parameters regarding the transmission characteristics. 
These characteristics will be referred to throughout this thesis.
• Characteristic Impedance of a transmission line
Characteristic impedance (Zo) is an important parameter of transmission 
lines. It can be defined as the value of the terminating impedance of the 
line which produces the same value of input impedance, irrespective of the 
line length [1]. The value is dependent on the transmission line structure 
and the parameters of the dielectric material used in the line. Changing the 
transmission line dimensions or the dielectric material parameters will 
change the Zo value. In general, wider lines will have lower Zo values and 
visa versa. In most applications the common value for Zo is 50 O, although 
75 D is sometimes used too.
• Effective permittivity, relative effective permittivity and permeability
The effectiveness of producing an electric or magnetic field inside a certain 
medium depends on the dielectric or magnetic properties of the individual 
material involved.
A basic quantity which defines dielectric properties is known as complex 
relative permittivity, s*. This is given by equation 2.1 and is made up of a 
real part, s’, and an imaginary part, s” . The real parts represent the ability 
of the material to store energy and the imaginary part is a measure of the 
loss in the material [2]. Dielectric properties given by permittivity 
quantitatively describe how easily the material can be polarized. This value 
can be converted to absolute permittivity by multiplying by the permittivity 
of free space, Sq. In practical applications, the real part of the complex 
relative permittivity is usually referred to as the dielectric constant, and
denoted by Sr. The value of dielectric constant of a real material is always 
greater than that of air, namely 1. The effective permittivity of air is not to 
be confused with permittivity of free space, Eq, whose value is 8.85X10'^^ 
F.nrf\
s * = s ' - j 8 "  (2 .1)
In microstrip we use the effective relative permittivity, because in 
microstrip circuits the propagating field is not entirely confined in the 
substrate but fringes into the air above the substrate. This effective relative 
permittivity is denoted by SeffBnd it is a function of frequency. This value is 
greater than 1 but less than the relative permittivity of the substrate 
material.
The magnetic property of a substance is quantified by its permeability, ju 
[3]. In a similar way to effective permittivity, permeability is also 
represented in complex form as shown in equation 2.2. For a non­
magnetic material, such as dielectrics normally used in transmission lines, 
the complex permeability is equal to f  -  JO. Permeability of vacuum, jjq, is 
given as 4ttX10'^ /-//a7?.
(2.2)
• Guided wavelength and phase velocity
Guided wavelength can be defined as the distance a wave takes to 
complete one cycle along a transmission path and is denoted by Àg. 
Guided wavelength is a function of frequency, the higher the frequency the 
shorter the wavelength is going to be. For a signal propagating in a 
vacuum at a certain frequency, the free space wavelength can be 
calculated by using equation 2.3, where c is the speed of light (3X10® m/s).
(2.3)
/
For a signal propagated through dielectric medium, guided wavelength is 
also known as substrate wavelength. Substrate wavelength is given by 
equation 2.4.
(2.4)
The phase velocity, Vp, is given by equation 2.5. For a signal in a vacuum, 
the Vp is equal to speed of light, c. Vp for a signal in a medium will be 
slower compared to the signal propagating in a vacuum. This is due to the 
electric and magnetic fields interacting with the atoms of the dielectric 
medium.
(2.5)
• Insertion loss and return loss
When a transmission line is not terminated properly, mismatch is created 
and causes some power to be reflected from the termination. The amount 
of reflection is represented by the reflection coefficient, T. If the load is 
matched there will be no reflection, T=0. If the load is totally mismatched, 
r=1 and the all signal gets reflected back to the source [4]. The loss that 
arises due to reflection of the signal is known as return loss, Lr, and is 
defined as ratio of input power (P/n) to the reflected power (Pref). The 
return loss will be 0 dB where all power is reflected and infinity when all 
the power is absorbed in the load (i.e. is transmitted). In general the higher 
the return loss the less reflection is in circuits. Return loss can be 
calculated by using equation 2.6.
(2.6)
The transmission coefficient of the transmission line can be expressed as 
insertion loss. La. Insertion loss represents the amount of energy being 
attenuated (absorbed) in the line, and reflected [5]. This is given by the 
ratio of input power to output power and this can be calculated by using
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equation 2.7. For a matched, lossless component La will equal to 0 dB, 
where input power equal to output power and no power gets absorbed or 
reflected.
Z /d B )  = 101og
V P o u t J
= 20 log (2 .7)
# TE, TM and JEM nomenclature
There are different modes of wave propagation based on difference 
transmission methods. Some transmission methods can only support one 
mode only whilst others can support multiple modes. The three most basic 
modes that exist in a transmission system are the IE, TM and TEM 
modes. These modes are differentiated by different field orientations.
TEM stands for Transverse Electromagnetic. Waves that propagate in the 
TEM mode are plane waves, where the electric and magnetic fields are at 
rights angle to the direction of propagation, as shown in figure 2.1.
Direction of 
'^propagation
Figure 2.1; TEM mode of propagation 
TE stands for Transverse Electric where there will be no electric field in the 
direction of propagation and TM stands for Transverse Magnetic where 
there will be no magnetic field in direction of propagation. Both modes are 
shown in figure 2.2.
Direction o f 
propagation
Direction of 
propagation
(a)
H
(b)
Figure 2.2: (a) TE and (b) TM mode of propagation
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2.2.2 Transmission Media at Microwave Frequencies
In this section, a few transmission media useful at microwave frequencies 
application are discussed. The basic concepts and design methods for each 
media will be summarized for easy reference.
2.2.2.1 Microstrip Transmission Lines
Microstrip lines are one of the most commonly used transmission media for 
microwave and RF applications, due to their reproducibility, small physical 
volume, light weight and low loss [6]. Microstrip is also useful as a 
transmission medium for high frequencies integrated circuits.
Microstrip lines are open structure transmission lines consisting of a substrate 
material sandwiched between two conductor tracks. The bottom conductor 
acts as a ground plane whilst the top conductor track is the signal track, and 
signals are propagated between these two conductors. Figure 2.3 show the 
structure of a microstrip transmission line. This type of transmission line is a 
useful medium to design circuits from a few megahertz to some tens of 
gigahertz, with low loss.
The open structure of microstrip provides the advantage of easy component 
mounting and allows integration of active components and passive 
components for hybrid and MMIC circuits [7-8]. However, the open structure 
nature of the microstrip makes it vulnerable to EM interference and can cause 
unwanted radiation.
Substrate
Ground plane
Figure 2.3: Microstrip transmission line 
Since it is an open structure, electric fields in microstrip travel in the substrate 
and also in the air above it, as fringing field, as shown in figure 2.4. As the 
fields do not travel in a unique medium, a single mode of propagation cannot
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be supported {TE, TM or TEM). The propagation along the microstrip track is 
quasi-TEM as it still closely resembles TEM propagation [9]. The open 
structure also causes the velocity of propagation to depend not only on the 
materials parameters but also on the physical dimensions of the transmission 
line.
/
(e .i
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Figure 2.4: Fields pattern of microstrip transmission lines 
The most important parameters in microstrip are the line width (w), substrate 
height {h) and substrate relative permittivity (Sr). These parameters determine 
the characteristic impedance of the transmission line, the propagation 
constant and also the cut-off frequency.
Various works on finding accurate quasi-static design equations have been 
reported [10]. In quasi-static analysis, the fundamental mode of wave 
propagation in microstrip is assumed to be pure TEM. The quasi-static 
approach consists of finding the unknown transmission parameters based on 
the known parameters of the structure. It can be done with known width-to- 
substrate height ratio (w/h) to find the relative effective permittivity, and also 
the characteristic impedance. However, the required widths of the microstrip 
are usually unknown to the designers. The known parameters are usually the 
characteristic impedance (Zo), substrate permittivity {Sr), the frequency (Q of 
the design and substrate height (/?). The required dimensions of the 
transmission lines can be deduced from the known parameters using the 
equations 2.8 to 2.13 [10].
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The physical length of a microstrip line is usually a specified electrical length 
and can be calculated using equation 2.14.
1 =
P
(2.14)
Where Q is the electrical length in degrees and p  is the phase propagation 
constant and given by:
(2.15)
For applications such as filters and resonators the lengths are frequently 
made to be quarter-wavelength (90°) or half wavelength (180°) depending on 
the particular design.
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At higher frequencies, there is dispersion in microstrip circuits. This is due to 
the phase velocity and effective permittivity being a function of frequency. As 
the previous expressions of relative effective permittivity (equation 2.9 and 
2.13) are based on quasi-TE/W approximation, they are only applicable at 
lower frequencies.
Edwards and Oven [11], Kirsching and Jansen [12], and Kobayashi [13] have 
developed more accurate design formula to take into account dispersion and 
calculate the relative effective permittivity of the microstrip for millimetre wave 
frequencies. However, due to the complexity of the other equations, Edwards 
and Owen formula is commonly used. Edwards and Owen [11] suggest the 
following expression, equation 2.16, to account for the dispersion.
   (2-16)( 
1 +
V
J - j  (0 .4 3 /^ -0 .0 0 9 /')
Where /7 is in millimetres and f is  in gigahertz. The dispersion model shows 
that ge# increases with frequency and as frequency goes to infinity, the value 
of 6e# will be close to Zr ■
The total loss in a microstrip transmission line is the sum of the conductor 
loss, dielectric loss and radiation loss. Conductor loss can be estimated using 
equation 2.17.
(dB /  unitlength) = (2.17)
Where Zo is the characteristic impedance of the microstrip, of width (w), and 
Rs is the surface resistance in ohms per unit square. This is true for both the 
signal line and also the ground plane. Rs can be calculated by using equation 
2.18, where a is the conductivity of the metal used.
^  (2.18)
2a
The attenuation due to dielectric loss in microstrip can be determined by 
equation 2.19, with tan 5 being the loss tangent of the dielectric material used
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as the substrate. The tan 5 value is usually supplied by the manufacturer of 
the dielectric material used (although usually only at low frequencies).
{dB / unitlength) = S.ôSôtt tanS (2 .19)
A.
As microstrip is an asymmetric transmission line where signals propagate in 
two different mediums, which are often unshielded, unwanted radiation can 
freely occur. Furthermore, discontinuities such as open-circuits, bends and 
impedance steps will induce excess radiation. These discontinuities cannot be 
avoided as they usually form essential features in a circuit design. Radiation 
loss for each discontinuity can be calculated using known formulae [14]. The 
loss due to the radiation can be reduced if a proper enclosure or housing is 
placed around the line. This enclosure will also shield the line from EM 
radiation from the environment.
Many text books suggest microstrip to be useful for applications in the region 
of 2 GHz to 40 GHz only, even with the dispersion of the structure taken into 
account. However, in recent work microstrip structures have been used 
successfully at frequencies up to 90 GHz [15].
2.2 2.2 Rectangular Waveguide Transmission Lines
Waveguides are any structure through which the microwave signals are 
guided in form of electromagnetic waves along a predetermined path [16]. 
Essentially the signal is conducted by a process of continuous reflection from 
the waveguide walls. Coaxial cable, rectangular metal pipe and optical fibre 
are some examples of waveguide. During signal propagation, the electric and 
magnetic fields are confined to the space within the waveguide, thus no power 
is loss to radiation. These provide low transmission loss and are suitable for 
high power applications such as feeds to high power transmitting antenna, 
there is however some power loss as heat [17].
Waveguide can come in rectangular or circular shape but rectangular 
waveguide are more commonly used. Rectangular waveguide can either be 
made hollow or filled with dielectric. Hollow waveguides have higher cut-off 
frequency compared to dielectric-filled waveguide. The dimensions of the
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rectangular waveguide determine the cut-off frequency, bandwidth and also 
the impedance of the line. Figure 2.5 shows a rectangular waveguide with 
width, a, and height, b.
a
Figure 2.5: Waveguide structure 
If a plane wave enters the waveguide with the electric field is in the y direction 
it will propagate by a process of continuous reflection at the side walls [18]. 
Each time the wave is reflected, the phase will shift by n. This causes the E- 
field in the y wall to equal to zero. The reflection of the wall set up an 
interference pattern within the waveguide, and this is known as the waveguide 
mode [19].
Waveguide structures support both TE and TM modes but not TEM modes 
[20]. The modes are usually denoted by subscripts m and n, as TEmn or TMmn- 
The subscripts m indicates the numbers of changing cycles along the width, a, 
and n indicates the numbers of changing cycle along the height, b. Different 
modes will define field patterns within the waveguide. The common mode 
used in rectangular waveguide is the TE mode. These are transverse electric 
modes in which the E vector is normal to the direction of propagation. For 
rectangular waveguides, the dominant mode of propagation is TEio. For TEw 
there is one loop of variation of E-field in the broad dimension (a) and zero 
variation of the E-field in the narrow dimension {b) as shown in figure 2.6.
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TE 10
Figure 2.6: Magnetic field pattern for TE10 
The guided wavelength in a waveguide can be calculated using equation 
2.20, where fc is the cut-off frequency [18].
1 -
(2 .20)
The cut-off frequency defines the minimum frequency that can be propagated 
in the waveguide in a certain mode. A given waveguide has a specific cut-off 
frequency for each mode of propagation. If the frequency of the signal 
propagated is above the cut-off frequency for a given mode, the signal can be 
propagated through the waveguide without substantial attenuation. Below cut­
off the waves penetrate the waveguide, with high attenuation, but do not 
propagate. The cut-off frequency for TEmn mode can be found by using 
equation 2.21.
fc m n
1
2a/a T
ÿ . ÿ  (2,21)
In most of applications, the operating frequency and guide dimensions are 
chosen so that only the TEw mode can propagate, and as is the
phase velocity which is equal to the speed of light for hollow waveguide, 
equation 2.22 can now be reduced to:
(2 .22)
2a
The characteristic impedance for a rectangular waveguide (waveguide 
impedance) in TE10 mode can be defined as shown in equation 2.23. The 377 
Q is the impedance of free space.
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Zo(n) = -x 3 7 7 n  (2.23)
a
From equation 2.21 and 2.22, it can be seen that the cut-off frequency is a 
function of the mode and waveguide dimensions. The physical size of the 
waveguide will determine the permissible modes of the propagation. It is 
advisable to choose the dimension of a guide so that only the dominant mode 
can be propagated through the guide. The dominant mode is the mode having 
the lowest cut-off frequency in a particular waveguide. Rectangular 
waveguides usually have dimensions such that a = 2b. The dominant mode in 
a rectangular waveguide with a > 6 is TEio.
Beside been used as transmission lines, waveguides also have been used as 
filters, antennas and in other specialized applications [21]. However due to the 
cut-off frequency being a function of waveguide enclosure dimension, the 
higher the frequency of operation the smaller the required waveguide 
dimensions, hence waveguide more suitable in the medium frequency range. 
Using waveguides at the very low frequency will cause inconvenience as 
large, heavy waveguide will have to be used.
There are two types of losses associated with waveguides, dielectric loss and 
conductor loss. Dielectric loss only applies to waveguide filled with dielectric. 
The attenuation for low loss dielectric in the rectangular waveguide for TEmn 
modes is given by equation 2.24. For air filled waveguide, the dielectric loss 
will be zero.
ag{Np/m)= ^ (2.24)
The attenuation due to conductor loss for TEio mode rectangular waveguide is 
given by;
or,(Np/m) = - ^ ^ ^ ( 2 è ; r " + a ’ ^ ") (2.25)
^  ^ a^b/3kjj^ ’
where (5 can be calculated by:
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and k is the wave number and given as:
k = - ^  (2.27)
4ps
2.2.2 3 Free Space Transmission
Free space transmission is an important wave propagation scheme in 
communication and for materials research. It is where the signal, in the form 
of electromagnetic waves, propagates from one point to another in the 
medium of vacuum or air at the speed of light [22]. Free space propagation 
relies on particular structures to radiate the electromagnetic waves. These 
radiating structures are usually antenna, which provide the interface between 
the system and the electromagnetic wave propagating in free space.
The radiated signal is propagated as a TEM mode, where the electric and 
magnetic field are at right angles, and are normal to the direction of 
propagation. The free space impedance is given by equation 2.28.
Z,(q )=  =377Q (2.28)
The space around the radiating element can be divided into two regions, near 
field and far field [23]. Near field can be further divided into two components 
which are reactive near field and radiating near field. The field regions around 
an isotropic antenna, with equal radiation in all directions, are shown in figure 
2.7. Note that there is no exact boundary between these various fields.
Reactive near field is the field immediately surrounding the antenna. This is 
the region where the electromagnetic energy is stored and large radial field 
components exist [24]. The distance from the antenna to outer boundary 
region of this field can be found by using equation 2.29, where D is the largest 
dimension of the antenna.
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O
Figure 2.7; Field around an isotropic antenna
The radiating near field is the region between the reactive far field and the far 
field, and is also known as the Fresnel region. In this region the radiation field 
is largest and the angular field distribution is dependent on the distance from 
the antenna. This region only exists if the maximum dimension of the antenna 
is large compared to the wavelength [25]. As it is situated in between two 
other zones, the distance for the outer boundary of reactive near field region 
will be the inner boundary for radiating near field region. The distance for 
outer boundary region is calculated using equation 2.30. This is also the 
distance of the inner boundary for the far field.
2D' (2.30)
The far field region, also known as Fraunhofer region, is defined at the region 
where the angular field distribution is essentially independent of the distance 
from the antenna [26]. In the far field region, the electric and magnetic field 
components are transverse to the direction of propagation and to each other, 
where it can be considered as plane wave. Measurements using antennas are 
usually done at the far field.
When a signal propagates through one medium to another, some of the signal 
will be reflected at the boundary between the two mediums [27]. The ratio of
2 0
the reflected wave to the incident wave is known as reflection coefficient. The 
reflection coefficient will depend on the materials parameters of the mediums. 
Conducting material, usually with a polished and smooth surface, will have a 
high reflection when compared to a dielectric. The magnitude of the reflection 
at a dielectric interface will depend on the permittivity, thickness and also 
surface roughness of the material. The reflection coefficient, T, for normal 
incident of a wave at an air-material interface is given by:
where is the impedance of the material and given by:
Z „ = 3 7 7 j^  (2.32)
For non-magnetic material, equation 2.31 can be simplified as:
r  = ^ —^  (2.33)
Signal not reflected at the boundary will be transmitted through the material. 
The amount of signal propagating through the material is affected by the 
electrical properties of the material. Conductive material will have no signal 
propagating through it as most of the signal is reflected at the boundary. In 
dielectric material, the signal strength will decrease as the wave travels 
through the material. As a signal (electromagnetic wave) travels through the 
material, the electric field causes the charge inside the material to vibrate [28]. 
The vibration of charge causes the material to heat up and energy to be 
dissipated. There may also be some multiple reflections within the material. 
The transmission coefficient, T, is given by:
T=  (2.34)
Z„-377
Discussion on free space propagation would be incomplete without 
introducing the main component that allows propagates in the first place,
2 1
namely the antenna. Here, a horn antenna as shown in figure 2.8 and will be 
discussed briefly. Later in the thesis, a horn antenna will be used as part of 
materials characterization setup.
b
Figure 2.8; Pyramidal horn antenna at 2.5 GHz
The horn antenna is one of the applications of rectangular waveguide. The 
open end of a waveguide creates a mismatch hence radiates energy. The 
pyramidal horn antenna is made by flaring out both walls (E and H plane) of 
the rectangular waveguide until a large enough radiating aperture is formed 
[29]. The flaring out produces an impedance match between the waveguide 
and the free space impedance and improves the gain of the antenna. The 
characteristics of a horn antenna are dependent on its geometry, and hence 
increasing the flare angle will increases the gain of the antenna. However, 
the flare angle should satisfy equation 2.35 in order to obtain negligible phase 
error. Some trade-off has to be made between phase error and the gain of the 
antenna.
t a n ^ < ^  (2.35)
4 4B
Horn antennas are known to have a very high directivity and high gain 
compared to the other antenna structures. Furthermore, horn antennas also 
have a narrow beamwidth, which make them suitable for applications such as 
materials characterization. The wave front near the horn opening is spherical, 
but in far field it is nearly a plane wave [30]. The gain of a horn antenna can 
be calculated by using equation 2.36, where A and B are the width and height 
of the horn aperture.
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G{dB) = W ïo$  • 2 (2.36)
I  4  J
The 3 dB beamwidth of the antenna can be calculated using equation 2.37.
BW{rad) = ^  (2.37)
2.3 Essential Materials Parameters
In order to produce good circuits, especially planar circuits using microstrip 
technology, the material used to make the circuits must be selected with great 
care. A few parameters have to be taken into account in order to assure good 
performance. These parameters can be divided into two types, namely 
electrical parameters and physical parameters. Electrical parameters deal 
primarily with the signal propagation while physical parameters are involved 
with the dimensions and overall structure of the circuits.
2.3.1 Permittivity and Loss Tangent
Two of the most important electrical parameters in circuit design, especially 
for planar circuits, are the permittivity and loss tangent of the dielectric used. 
The properties of the dielectric material are important due to the dielectric 
material being the medium within which the wave propagates.
The relative permittivity of the dielectric is a measure of the ability of the 
dielectric to confine the electric field in the material relative to the air. 
Materials with a permittivity of 2.1 will cause the velocity of the signal in the 
material to decrease to 69% of the velocity in air. This effect can be calculated 
by using equation 2.38 [11].
Aperformance = — x 100(%) (2 .38 )
The permittivity is important and is related to frequency because the required 
length of the transmission line will be solely determined by the permittivity of 
the material at certain frequencies. Circuits on a low permittivity substrate will 
be longer than those on high permittivity materials. To reduce the area and
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achieve miniaturization especially at the lower frequencies, where the 
wavelength is longer, material with higher permittivity can be used to reduce 
the length and overall size (refer to equation 2.14). The same principle applies 
at higher frequencies; lower permittivity material can be used to increase the 
length of a transmission line where it might otherwise be inconveniently small.
The width of the transmission lines and the gap size for coupling structures, 
especially in microstrip, is also affected by the permittivity of the substrate. 
Substrates with low permittivity will produce a wide transmission line, and high 
permittivity substrate will produce narrower transmission lines. For microwave 
applications, medium permittivity dielectric (£r~ 1 0 ) are generally preferred. 
However for miniaturization purposes, higher permittivity dielectric can be 
used. The limitation on dielectric permittivity value that can be used will often 
depend on the limitations of the fabrication processes.
There is loss within the material that is represented by the dissipation factor. 
Dissipation factor is also known as the loss tangent (tan 5). Materials with 
higher loss tangent dissipate more energy in the form of heat, instead of 
storing it [4]. For good material at microwave frequencies, the material needs 
to be able to store energy within the structure instead of dissipating it. Tan 5 
can be considered as the ratio of energy dissipated to energy stored, as 
shown by equation 2.39. Tan 6  is a function of frequency, and the value of tan 
5 increases with frequency. £' and £” is the real and imaginary part of the 
dielectric complex permittivity as shown previously in equation 2 .1 .
^ eneygy.dissipated (2.39)
energy • store s'
For good practice, a material with low loss tangent must be chosen. As the 
loss tangent increases with frequency, so does the permittivity. Manufacturers 
usually only supply materials data at lower end of the frequency spectrum, but 
the microwave and millimetre wave circuit designer needs to know the exact 
value of the materials parameters at these higher frequencies. Often, this 
means that the parameters must be measured by the user.
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2.3.2 Skin Depth
At microwave frequencies the current flowing in a conductor is not uniformly 
distributed through the cross section of the conductor, but is concentrated in 
the surface of the conductor [31]. This effect is known as the skin effect.
Skin effect is due to the alternating current within the conductor producing a 
change in the magnetic flux within the material. The change in the magnetic 
flux causes an induced voltage that opposes the flow of current. Maximum 
induced voltage occurs where the change in magnetic flux is greatest, which 
is at the centre of the conductor. This in turn causes the current in the centre 
of the conductor to be suppressed, and the current forced towards the surface 
of the conductor. As the rate of change of flux depends on the frequency of 
the alternating current, the skin effect is more significant at high frequencies 
and causes effective resistance of the conductor to increase [32].
Skin depth is the parameter used to quantify skin effect. It is defined as the 
depth into the conductor at which the current has decreased to 1 /e of the 
surface value. Equation 2.40 can be used to calculate the skin depth
^  = - J =  = j 4 -  (2.40)
where jj is the permeability of the conductor, a is the conductivity of the 
conductor and p is resistivity of the conductor. For a frequency of few GHz, 
the skin depth in precious metals will be of the order of a micron or less. From 
equation 2.39 the following can be concluded [33]:
• Skin depth increased with resistivity
• Skin depth decreased with frequency
• Skin depth decrease with permeability
For planar circuits the thickness of the conductor used should be made to be
at least five times the skin depth to avoid the current being forced through a
small area that will increase the resistance, and hence increase the conductor 
loss.
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2.3.3 Surface Condition
In section 2.3.2, the skin effect has been explained and these effects cause 
the current to flow at the surface of the conductor rather than through-out the 
cross-section of the conductor. As the current flow is concentrated at the 
surface, special attention has to be given to the surface condition of the 
conductors so as to minimize conductor loss.
At microwave and millimetre wave frequencies the choice of conductor is 
important. The material must be stable when environmental and chemical 
effects are considered. A conductor should not be used at high frequencies if 
it is liable to tarnish or deteriorate with time. This is why in most high reliability 
applications, gold is usually used as conductor due to its high stability.
Attention should also be given on quality of the conductor surface as high 
surface roughness will contribute to high surface resistivity. The surface 
roughness of the conductor will vary, and depend very much on the 
fabrication process being used. The thick film process causes higher surface 
roughness compared to the other fabrication processes. Hence the right 
fabrication process has to be chosen for the particular application. Techniques 
have been developed to reduce the surface roughness of thick film for critical 
applications [34]. A technique employing flash wet etching (chemical 
polishing) has proven to reduce the surface roughness by few micrometers.
2.3.4 Substrate Thickness
In planar applications, the properties of the substrate are significant in 
determining the dimensions of the transmission lines. As shown in a previous 
section, the widths of the transmission line vary as the permittivity varies. A 
similar effect is observed as the substrate thickness varies; the thicker the 
substrate the wider the transmission line.
Choosing the right dielectric thickness for the right frequency of operation is 
also important. Since the signal is travelling in between the ground plane and 
the signal track, essentially as a guided wave, there is going to be a frequency 
cut-off, related to the dielectric thickness. The cut-off frequencies for a 
particular dielectric thickness and permittivity can be calculated by using
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equation 2.41. The operating frequencies should be kept below the frEM,i 
value to avoid higher order modes from being excited [1 0 ].
_ c tan-'(g ,) ,2 4 1 )
Equation 2.42 can be used to calculate the maximum substrate thickness for 
a given frequency.
A = 0.354 (2.42)
It is recommended that the substrate should be made as thin as possible, 
compatible with the fabrication process, and the frequency of operation kept 
b e \o \N  frE M ,i ■
2.3.5 Dimension Accuracy
As described in the previous section, the dimensions of the transmission line 
are mainly determined by the frequency of operation, relative permittivity and 
height (thickness) of the substrate. The dimensions of the transmission line 
also determine the characteristic impedance, relative effective permittivity and 
propagation constant. Any change in the physical dimensions of the line will 
affect these values.
When working at higher frequencies, thinner substrate thickness is required to 
avoid higher order modes propagating and this result in narrower transmission 
line being used. This imposes constraints on the fabrication process, and the 
manufacturing tolerances become critical. The effect of tolerance in the 
fabrication process will be discussed further in Chapter 3.
2.3.6 S-Parameters.
Unlike the measurement of circuits performances in low frequency, where 
current, voltage and impedance are usually used to descried the performance, 
S-parameters are used to specify the performance of high frequency circuits. 
S-parameters, also known as scattering parameters, are measures of the 
transmission and reflection of the electromagnetic waves, and are defined in
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terms of the waves entering and leaving a multiport network [35]. S- 
parameters are complex quantities, where the real parts represent the 
amplitude while the imaginary part represents the phase. Figure 2.9 shows a 
two-port network; ai and 8 2  indicate the waves input to the ports, and bi and 
6 2  represent the waves leaving the ports.
- -------------------- -----------------------
- 2  ,
Port1 Two-port network Port 2
------ -------------------------------------- -
Figure 2.9: A flow graph of a two-port network 
The outputs from the ports are determined directly from the flow
= aid'll + ^ 2*^12 (2.43)
62 =<^ 1^ 21 + ^ 2^22 (2.44)
Equation 2.43 and 2.44 can further be represented by S-parameter matrix by:
k  ^2 ] -
^12 
^2\ ^22.
k  «2 ] (2.45)
S-parameter outputs are presented in Sba format where S21 means that the 
measurement are made on output at port 2 for input given at port 1. Hence 
the reflection coefficient of a two port symmetrical circuits is given by:
r  = «S'il = S22 (2.46)
The return loss (Lr) can be calculated from:
Lj,(dB) = 201og|S'„| = 201og|5'22| (2.47)
The transmission coefficient of a two port reciprocal circuit is given from:
T = (Sj2 = *S'2i (2.48)
The transmission loss (La) can be calculated from:
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L^ idB ) = 201og|S2,| = lOloglS, !^ (2.49)
2.4 Discussion
In this chapter, several types of transmission lines were described along with 
design procedures, advantages and disadvantages for each type. All of these 
transmission types will be used throughout this thesis.
Essential parameters for good performance circuits were also presented. It is 
a good practice to follow the guidelines for these parameters in order to 
minimize losses and obtain high quality performance.
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Chapter 3_______________________
Fabrication Process
3.1 Introduction
To produce a good performance microwave circuits, circuits are required to 
have high resolution patterning, conductors with sharp edges, rectangular 
cross section and smooth surfaces [1-3]. Choice of the correct fabrication 
process is key to fulfilling these requirements, although there will be some 
trade-off between performance and the cost.
In this chapter, the three main fabrication techniques used throughout this 
research will be discussed. The three main fabrication techniques are:
• Lithographic etching and thin-film process
• Thick-film process
• Photoimageable thick-film process
The processes involved in each technique are presented, and the 
advantages, disadvantages and limitations of each technique are analyzed. 
Comparisons will also be given to make it easier for the designer to choose 
the right fabrication technique for a particular circuit.
Also discussed in this chapter is use of the low temperature co-fired ceramic 
(LTCC) for microwave circuit fabrication, along with comments on the 
fabrication processes needed to produce the multilayer circuits.
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3.2 Photolithographic Etching and Thin-film Process
Lithographic etching is a method of fabricating circuits by etching away the 
unwanted metal [4-5]. This technique is mainly used for printed circuit boards 
(PGB), where the dielectric material from the manufacturer is pre-coated with 
metal, usually copper although aluminium, nickel, chrome, and other metals 
are also used. The board to be etched comes in a variety of single-sided, 
double-sided and multilayer configurations.
There are wide ranges of pre-coated dielectric board to choose from. The 
dielectric permittivity of the board ranges from £r = 2.33 to £r = 8.9 and 
dielectric thickness from 254 [jm  to 2 mm. These pre-coated dielectric boards 
are usually coated with copper with thickness ranging from 2 jum to 17 [jm.
For un-coated dielectric, this technique can still be used. An additional 
process known as thin-film process is used where a thin layer of metal is 
deposited onto the uncoated dielectric [6-7]. Typically, thin-film circuits have 
conductor thickness varying from 0.1 jum to 1 jL//?7.
For thin-film, the process starts with the sputtering of metal onto the substrate. 
In the work of this thesis this was done by using the JLS sputtering unit with 
an argon atmosphere. By setting up the voltage, current and pressure on the 
machine, the thickness of the conductor layer can be controlled. With 12 Volt, 
57 Amp and 1000 mtorr setting, the conductor is produced at a rate of 9 
nmlmin.
The next step is the photolithography process. This is where the pattern from 
the photo mask is transferred to the conductor. In our work SI 813 positive 
resist was spun on the conductor for 30 seconds at 400 rpm. Assuming the 
resist is uniform, the substrate was then let to dry on a hot plate at 100°C for 2 
minutes before being exposed for 6 seconds.
The substrate was then developed in 81813 developer (MF319) for 2 minutes. 
The exposed resist was washed away leaving the resist only on the wanted 
areas. The resist left on the substrate will protect the conductor layer during 
the etching process.
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Next in the process step was the wet etching. The gold etch (4g Kl, 1g I2 , 40 
ml H2O) was used to etch gold [8], and ferric chloride (FeCIs) was used to etch 
copper [9]. The etching time varied depending on the thickness of the metal, 
temperature and concentration of the etch solution. The remaining resist is 
then cleaned off using Acetone. Figure 3.1 shows the flow of the fabrication 
process.
coat
m
Electroplating I
Figure 3.1; Photolithography process
In the thin-film process, a long sputtering time was needed to achieve the 
required thickness (for microwave work the thickness is normally five times 
the skin depth at the desired frequency). To overcome this problem, 
electroplating process can be used to increase the thickness more rapidly 
after an initial thin-film layer has been deposited. For 5 cm square alumina 
tiles at current setting of 250 mA and 5 cm distance between the two 
electrodes, the rate of platting was found to be 250 nm/min. Higher current 
can be used for a more rapid electroplating process. However higher current 
increases the risk of having rough surface, which degrades microwave circuit 
performance.
However, with good processes control, these methods are able produce very 
smooth surfaces, with sharp edges which contribute to low loss. The
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drawback is that the capital equipment costs are relatively high, hence it is not 
suitable for low volume production.
For good practice, the user must try to avoid undercutting during the etching 
process [10]. Undercutting is when the etch not only etches vertically but also 
sideways. The amount of undercutting is usually equal to the thickness of the 
conductor. This assumes that the rate of etching is isotropic in every direction. 
This occurrence is inevitable, however extra steps can be taken to reduce the 
effect [11].
The effect can be minimized by allowing for extra line width during the mask 
design stage, to compensate for the undercutting. Also, the effect can be 
further minimized by trying to maintain uniform line width and gap size 
throughout the design so that the same processing time can be applied. 
These precautions avoid some area of the circuit being totally overdeveloped 
while some parts are left underdeveloped. As undercutting is usually equal to 
the thickness of the conductor, substrates with thinner conductor can be used 
to further reduce the undercutting problems.
3.3 Thick-Film Process
Thick-film technology is based on a screen printing technology. It is 
essentially a stencil process in which the printing medium is forced through 
the open area of a mesh-reinforced stencil onto the surface of a substrate 
[12]. Basic components for this process are the substrate, printing medium, 
screen, and squeegee.
The substrate is the base for printing. The commonly used substrate in thick- 
film printing is alumina. It is suitable for microwave thick-film applications due 
to its low loss, controlled permittivity, excellent thermal conductivity [13], and 
excellent resistance to chemicals and it also possesses high mechanical 
strength. It has dielectric permittivity of ~10.2 at 1 MHz, a large dielectric 
permittivity results in smaller substrate wavelength and hence a more 
compact circuit. It comes with various thickness and surface roughness. For 
the current research 254 pm and 635 pm thicknesses were primarily used.
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Thick-film inks are viscous pastes consisting of a suspension of fine particles 
of the circuit forming material in an organic vehicle, with liquid solvent and 
solid organic binder [14].The printing medium can be either conductor paste, 
resistor paste and or other printable material. The medium chosen depends 
on a number of engineering factors including performance, wire-bond ability, 
RF characteristics, and cost.
Figure 3.2 shows the screen used in thick-film printing. It is composed of three 
parts; a stencil, a mesh and a frame. The frame, made of metal (usually steel 
or aluminium), is used to hold the mesh. It needs to be strong enough to hold 
the load during the printing process. The mesh is made from twill of wire. 
There are two types of commonly used mesh which are polyester and 
stainless steel. Polyester is mainly used, rather than stainless steel. This is 
because polyesters are more stable and flexible, while stainless steel has a 
lower elastic limit and hence can be easily damaged [15]. The minimum line 
width that can be produce by a particular mesh is equal to three times the 
thread diameter. The stencil's functions are to define the shape of the pattern 
to be printed, determine the thickness of the print and at the same time hold 
the mesh. Photo-emulsion, metal mask and plastics shade are the three types 
of stencil commonly used. For thick-film applications, photo-emulsion is the 
preferred type. In the photo-emulsion process, the mesh is coated with 
Polyvinyl Alcohol (RVA). PVA is a photosensitive material that reacts to UV 
light. After exposure of the screen to the UV light, water is then used to wash 
away the exposed part of the PVA to reveal the pattern. The right thickness of 
the emulsion is needed. If the emulsion is too thin, it produces a saw-tooth 
edged line while an emulsion which is too thick causes the paste to stick on 
the side of the emulsion and produce a poorly defined print.
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25  9 4 8
Figure 3.2: Screen and frame 
The squeegee functions are to press the screen in contact with the substrate, 
spread the printing medium through the screen on to the substrate and make 
it flat. A squeegee, as shown in figure 3.3, is made of metal with a rubber tip. 
It works together with the flood blade to produce smooth printing.
25 ;9:5Q
Figure 3.3: Squeegee (left) and flood blade (right)
The thick-film process requires a printer (in this work a DEK1200 machine 
was used).The printing process starts with quick check on the screen being 
used. The screen is inspected for any physical damage and the number of the 
wire mesh (i.e. number of wires/cm). The right number of wire mesh is 
important to get the right thickness as stated in the thick-film paste data sheet.
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The screen is then fitted into the machine, locked and the position is adjusted 
to coincide with the position of the alumina tile. The squeegee is placed into 
position along with the flood blade. The alumina tile is placed in the substrate 
holder and sufficient amount of paste is applied on one end of the screen, 
near to the squeegee. The squeegee speed and pressure can also be 
adjusted to get the required print thickness. Once the machine is on, it moves 
the squeegee across the screen, pressing the screen close to the substrate, 
and spreads the paste through the pattern. The result is a portion of paste 
transferred onto the substrate in the shape of the screen pattern. The 
substrate is then left to level at room temperature for 5 to 10 minutes before 
placed into a dryer at 8 0 for 20 minutes to burn off the solvents, before 
being sintered at 850"C for 15 minutes. Figure 3.4 shows the flow chart of the 
process described above.
Printing can also be done manually, however a lot of skill is required in 
ensuring equal pressure and speed is apply through out in order to guarantee 
good printing output.
« F
Figure 3.4; Thick-film process 
This process is able to produce 200 pm width and 125 pm spacing track with 
50 pm accuracy. The limitations on reducing the width and spacing are due to 
the mesh density and paste viscosity. The thick-film process has the 
advantage of being a simpler and a less expensive process, compared to thin- 
film, but gives circuits with poor edge definition and rough surfaces, which 
contribute to higher loss when compared to the thin-film process [16-17]. It is, 
however, still suitable for high frequency applications.
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3.4 Photoimageable Process
The photoimageable process is a refinement of the basic thick-film process. It 
is a combination of conventional thick-film technology with some aspects of 
typical thin-film technology [18]. The photoimageable process uses photo 
sensitive paste (sensitive to UV) and photoimaging processes to produce the 
circuits. It also offers an improvement in circuit thermal dissipation, with low 
cost and feasibility for high volume production [19-20].
The process starts off in a similar fashion to thick-film by depositing some 
photosensitive paste on the substrate. The sample is left to level at room 
temperature for about 20 minutes and then dried at 80°C for no longer than 20 
minutes, this timing depend on type of material use, since longer drying times 
destroy the photoimaging properties of the material. The sample must be 
touch-dry to avoid it from sticking to the mask. It is then exposed to UV light 
through a photomask. Figure 3.5 shows an example of a photomask.
25 19:5H
Figure 3.5: A negative photomask 
The exposed area of the substrate interacts with UV light and polymerizes to 
become a photopolymer, a harder and more stable material [21]. The 
exposure time depends primarily on the material type and the UV light 
intensity of the exposure machine. Photoimageable paste such as Dupond 
6778 [22] requires 40 to 75 seconds at 1 kW/cm^ exposure intensity while 
Heraues QM44F [23] photoimageable dielectric requires up to 2-3 seconds of 
exposure at 11 mW/cm^. After exposure, the exposed part of the substrate.
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now hardened, remains while the unexposed area is washed away using a 
conventional photo-developer, and a spay development process.
The development process requires the use of the appropriate solution 
depending on the type of the photoimageable paste; for example DuPont 
6778 photoimageable silver paste requires a solution with 8 % of Na2C0 3 . 
Normally 10 seconds each for developing, washing and drying were used.
The samples have to be check to make sure they are properly developed. 
Figure 3.6 shows an underdeveloped circuit. It can be seen that there are 
specks of silver paste still in the gap between the transmission lines, and 
these might cause serious problems such as shorting of the transmission 
lines. However, the user must also not over develop the circuits. Figure 3.7 
shows an example of an over developed circuit. It can be seen that he edge of 
the transmission lines is slightly curled up and the via and the launch pad are 
also disconnected due to the overdevelopment. The user should follow the 
manufacturer’s data sheet as guidelines and over time developed their own 
processing time based on the performance of their particular equipment. 
Again, it is a good practice not to have circuits with narrow transmission lines 
and big gaps as differences in developing time needed will cause some parts 
of the circuits to be underdeveloped while another parts are overdeveloped.
Figure 3.6: Underdeveloped photoimageable thick film circuit (pointed by red arrows)
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500 um
Figure 3.7: Overdeveloped photoimageable thick film circuit 
The properly developed substrate is then dried again. This is to ensure any 
excess developer or water is completely removed. This step prepares the 
sample for sintering at 850®C for 15 minutes. The flow chart of the fabrication 
process is shown in figure 3.8.
P
P rin t
D evelop
Figure 3.8: Thick-film photoimageable fabrication process
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The ability of photoimageable thick film process to produce line width of 50 
pm with accuracy up to 5 % along with well defined edges, vertical walls and 
well defined edges, all of which contribute in minimising losses, constitute 
some of the advantages of the photoimageable process. The separation of 
the printing and pattern generation within the photoimageable process makes 
it suitable for mass production. Special care should be taken as shrinkage of 
the line width during the firing does occur. During the design of the circuit, 
allowance for the shrinkage of the material, as specified in the manufacturer’s 
data sheet, should be made in order to avoid any mismatch in the final circuit. 
However, photoimageable process cost more compared to the normal thick 
film.
3.5 Low Temperature Co-fired Ceramic (LTCC)
Low temperature co-fired ceramic (LTCC) technology enables the creation of 
monolithic, three-dimensional, cost effective microwave circuits, and 
associated packaging strategies [24-26]. It is the most advanced and valuable 
solution for miniaturization of electronic packaging. The advantages of LTCC 
over other multilayer processes are [27-28]:
• Possibility for parallel processing
• Low loss tangent materials
• Good control over dielectric properties (Sr, tan 5 and thickness)
• Easy realization of vias and cavities
• Feasibility for integration of active and passive components
LTCC (unfired) tapes are usually supplied in square sheets or in a roll. The 
dielectric permittivity of the material varies from Cr = 5 to nearly £r> 2000 (with 
BaTiOs). An important factor to consider when designing any microwave 
LTCC structure is the shrinkage of the tape. The shrinkage of the tape occurs 
in all three dimensions (x, y and z). Table 3.1 shows the parameters of 
frequently used LTCC tape [29-34].
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TABLE 3.1: Parameters of LTCC tapes (as supplied by Manufacturers)
LTCC model Dielectric constant Tan 5 Fired thickness (mils)
DuPont 951 7.8 @ 3 GHz 0.0063 1.7, 3.8 5.5, 8.5
DuPont 943 7.4 @ 40 GHz 0.002 1.8, 4.5, 9
Ferro A6M 5.9 (g 100 GHz 0.002 3.7, 7.4
Ferro A6S 5.9 @100 GHz 0.002 3.9, 7.7
Heraeus HL2000 7.3 @ 2.5 GHz 0.0026 3.5
Heraeus CT2000 9.15 @2.5 GHz 0.0027 1.8, 3.5
The LTCC fabrication process [35-37] starts with the blanking step where a 
sheet is cut to a required size, usually to either 2 inch square or 4 inch square. 
Blanking can be done with a razor edge or with a blanking die. Depending on 
the material used, some manufacturers recommend pre-conditioning the tape 
before the next process takes place. For Heraeus HL2000 the manufacturer 
recommends the blanking tape be dried in the oven at 80 °C for 10 minutes. 
Punching is the next step where vias are created for electrical connection 
between layers, thermal transportation and alignment registration between 
layers. Vias are punched using conventional mechanical punches or by laser 
drilling. It is a good practice to keep the minimum via size to a 1:1 via-to- 
thickness aspect ratio.
The sheet is then ready for via filling and conductor printing. Conventional 
screen printers can be used to print the conductor pattern and fill the vias. As 
the LTCC tape is very thin, a vacuum applied through a porous block is used 
to secure the material during the printing process, instead of the normal steel 
chuck used to hold alumina. After printing there is a careful inspection stage 
before starting lamination.
The lamination process starts by stacking the layers of LTCC tape together. 
The alignment of the tapes can be done by using a backing plate with 
registration pin. Registration holes are punched in each tape layer during the 
punching step. Next the stack will be laminated using an isostatic laminator.
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An isostatic laminator (as used in the current work) uses water to create high 
pressure in order to laminate the whole structure together. To avoid water 
from damaging the LTCC structure, the stack is vacuum-sealed in a bag 
which acts to insulate the stack from the water during the lamination process. 
For Heraeus HL2000 material the laminating conditions are a pressure of 
1350 Pascal at 70 °C for 10 minutes.
The end process is when the laminated structure is removed from the vacuum 
bag, checked for any damage before the edge trim and fired. Figure 3.9 
shows the LTCC process flow diagram.
m m m m m s m m .
Figure 3.9: LTCC process flow diagram.
3.6 Multilayer Circuits Fabrication Processes
A multilayer circuit is fabricated where more than one layer of conductor and 
dielectric is stacked, thus producing smaller circuits with greater complexity 
and precision, while reducing the overall circuit dimensions. Multilayer circuits 
can be fabricated using any of the techniques that have been discussed in 
previous section.
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By using thick film methods, the processes involve each individual layer being 
fabricated through a successive print-and-fire process [38-39]. This process is 
very time consuming as each layer has to be ready before another layer can 
be built on top of it. In order to align each layer successfully, the screens 
normally incorporate a few alignment marks. These alignment marks are 
usually of limited help as the user has to manually align the alignment mark 
on the screen to the alignment mark on the previous layer, relying only on 
their eyesight. Any necessary adjustments are then made using the mm- 
screw fitted on the thick-film printing machines. This problem is more 
pronounced if the user is using a table-top printing machine. Due to this 
limitation, one can only produce a maximum of 6 layers using normal thick film 
processes [40]. Figure 3.10 shows an example of a misalignment structure. 
There are however new, more modern thick film printing machines which 
come with cameras and automated movement for easier screen alignment.
500 um
Figure 3.10: Example of a misalignment in thick film processes.
Multilayer circuits can also be produced using the photoimageable process 
[41-42]. The steps for using photoimageable technology to build multilayer 
circuits are similar to those used in conventional thick film printing. Each layer 
is fabricated through a successive print process, exposed and fired. However, 
in the case of the photoimageable process, each layer can be aligned using 
marks specifically inserted on the photomask. Misalignment errors can then
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be reduced with the aid of the mask aligner provided with the UV exposure 
unit. The mask aligner is usually fitted with a camera that provides good 
resolution and allows the user to move the mask more accurately with the 
help of joystick. This allows more layers to be built up compared to the normal 
thick film process. One disadvantage of using conventional thick film, or the 
photoimageable process, in making multilayer circuits is that if any fault is 
made in any layer the whole structure has to be rejected and the structure 
made all over again.
The ultimate method in producing multilayer structures is by using the LTCC 
technique [43-44]. LTCC allowed parallel processing, where each layer can 
be processed separately and then assembled (stacked) before the lamination 
process [45]. This reduces the processing time of the structure compare to the 
thick film and photoimageable processes. It also allowes more layers to be 
built, and provides greater packing density. As LTCC allowed parallel 
processing, each layer can be checked separately before the structure is 
assembled. If one of the layers has any fault, that particular layer can be 
remade without jeopardising the other layers.
3.7 Comparison of Fabrication Processes
When designing a planar microwave circuit, choosing the right fabrication 
process is crucial as the quality of the transmission lines is critical to the 
performance of the circuit. Factors such as the dimensions of circuit, the 
physical properties of material used for fabrication and cost need to be 
considered in the choice of fabrication.
The practical implications of dimensional errors are increasingly apparent at 
higher frequencies since the overall width of transmission lines decrease as 
wavelengths become smaller. Processes must also be able to overcome 
limitations imposed by the test equipment fixtures. The only way available in 
our lab to measure the performance of a circuit working above 40 GHz is 
through the use of a coplanar waveguide probe. Coplanar waveguide probes 
are defined by the pitch size. For circuits operating up to 100 GHz, a 100 
micron pitch coplanar probe is used, and for circuits functioning up to 220 
GHz, a 75 micron pitch probe is needed. Pitch size is defined as the distance
47
from the centre of the ground pad to the centre of the signal pad, thus a 100 
micron pitch indicates a 100 pm distance between centre of signal to centre of 
ground pad. Consequently, probe pads are required with a very fine line width 
and gap. The signal pads are usually 50 pm wide with about a 30 pm gap 
between them and the ground pads.
Table 3.2 shows the smallest achievable physical dimensions from the three 
fabrication processes that have been discussed. Note that the data presented 
are from manufacturers' data sheets, although better performance has been 
reported elsewhere in the literature [46-47].
TABLE 3.2: Comparison between all three fabrication processes base on manufacturer’s
data.
Process Line width (um) Gap (um) Via (um)
Photolithography 250 180 280
process
(RT/Duroid) (RT/Duroid) (RT/Duroid)
Thick-film 100
(Heraeus
C1075S)
125
(Heraeus
C1075S)
250
(Heraeus KQ 
150)
Photoimageable
thick-film
50
(Fodel 6778 
conductor)
50
(Fodel 6778 
conductor)
80
(Hereaus
QM44F)
An additional important feature in producing a good quality transmission line is 
having low surface roughness. The distribution of current across a conductor 
is such that current density at the surface of the conductor is greater than the 
current density at its core and thus a rough surface increases the effective 
resistance of the conductor. This phenomenon is known as the skin effect and 
is more pronounced at high frequencies. The surface profile of the 
transmission lines from all the fabrication process is shown in figure 3.11 to 
figure 3.12.
Figure 3.11(a) shows the surface profile of a transmission lines made from 
photolithography etching on pre-coated substrate (printed circuit board
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(PCB)). For pre-coated substrate a mechanical rolling process is normally are 
used by the manufacturer to bond the copper sheet to the dielectric however 
electro-deposition were also been used. Both methods were able to produce 
smooth surfaced with about 3 um in gradual thickness variation of the copper 
as well as surface roughness. Figure 3.11(b) shows the SEM picture of the 
transmission lines, the edge of which are sharp, straight and well define. The 
same result will also obtain from the thin film circuits.
(a)
(b)
Figure 3.11; (a) Surface profile and (b) SEM picture of PCB transmission line 
The transmission lines produced by using thick-film printing have higher 
surface roughness as shown in figure 3.12 (a). For thick-film circuits, the main 
source of the surface roughness is the mesh of the screen and the surface 
roughness of the dielectric used. As the thick-film paste is squeezed through
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the screen opening, the paste takes up the characteristics of the screen and 
amplified by the surface roughness of the dielectric [12]. There is also the 
effect of the printing process that causes the transmission line to have a 
significant dent in the middle, specifically because of the retention of the ink 
on the screen at the stencil edge and the depression of the screen towards 
the substrate during the printing. This effect can be seen clearly in figure 
3.12(b), where the edge of the transmission line appears to be thicker than 
the middle. The edge is neither straight nor sharp and the wall of the 
transmission line appears rounded.
(a)
(b)
Figure 3.12: (a) Surface profile and (b) SEM picture of thick film transmission line
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Figure 3.13 (a) shows the measured profile of a photoimageable thick-film 
line. It has better surface roughness compared to the normal thick-film but still 
the surface roughness is worse than thin-film. This is mainly because the 
photoimageable process still uses screen printing technology and the surface 
roughness is still dominated by the mesh of the screen and surface roughness 
of the dielectric used. However the photoimageable produces a better defined 
transmission line and eliminates the depression in the centre of the line, as 
shown in figure 3.13 (b).
(a)
(b)
Figure 3.13: (a) Surface profile and (b) SEM picture of photoimageable transmission line
The selection of the correct fabrication process must include careful 
consideration of the cost of fabrication, after considering all the technicalities
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involved within the fabrication process. While all of the processes considered 
were successful in their implementation, and produced satisfactory results, a 
compromise in practice comes with the cost of fabrication.
For thin-film fabrication the capital equipment costs are relatively high. Thin- 
film is more appropriate for high volume production where high resolutions 
and excellent performances are required and where the high capital costs are 
offset by the volume of circuits being produced. On the other hand, thick film 
fabrication, which is suitable for low volume fast turn around applications, is a 
relatively more simple process and hence requires lower capital investment 
and has lower running costs [48]. Table 3.3 shows the total cost per circuit for 
different fabrication processes.
TABLE 3.3: Total cost per circuit in euro (€).
Panels Thin-Film Thick-Fiim LTCC
1000 panels 0.18 1.40 0.63
10000 panels 0.10 0.86 0.44
100000 panels 0.06 0.60 0.35
3.8 Discussion
In this chapter all the three fabrication processes that will be used throughout 
the research were discussed. Each technique has its own advantages and 
disadvantages. Users must relate these, to their requirements to enable the 
best fabrication technique to be chosen. In practical situations, some trade-off 
between performance and cost will be eventually had to be made.
Photolithographic etching and thick film are more suitable to be used at the 
lower end of the frequency spectrum due to the limitations in resolution that 
each of these fabrication techniques is able to produce. Thick film has better 
resolution than photolithography etching, although thick film cost 8 times 
more. Photoimageable processes are able to produce high resolution circuits 
and are thus more suitable for high frequency circuits. For very fine 
dimensions thin film technique are usually used. Thin films are able to
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produce very fine patterning due to the thickness of the metal which is usually 
less than 10um.
For multilayer circuits, LTCC is the most suitable method to be employed. It 
provides parallel processing of the layer, which speeds up the process, and it 
offers better layer-to-layer alignment. At present, patterning for LTCC 
intermediate layers is done using a thick film method, and thin film is used for 
precise patterning of the top layer after the firing process of the rest of the 
stack is completed.
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Chapter 4
High Frequency Dielectric Characterization 
Methods
4.1 Introduction
Recent developments in circuit fabrication technologies have provided the 
microwave circuit designer with new design opportunities. For example, 
photoimageable thick-film and LTCC (low temperature co-fired ceramic) 
provide opportunities to generate high resolution and compact multilayer 
circuit structures. However, it is crucial for efficient design that the properties 
of the materials are well understood, particularly when they are being used in 
the millimetre-wave frequency range. The properties of the dielectric 
determine the circuit dimensions and provide the medium through which the 
electromagnetic energy travels.
From the viewpoint of the RF circuit designer, the most important parameters 
for circuit substrates are the relative permittivity and the loss tangent. 
Manufactures of dielectric materials often supply frequency dependant data 
with their material; however these data are usually measured at lower end of 
the frequency spectrum (~2 GHz). With the trend towards the use of higher 
frequencies into the millimetre-wave region, there is need for accurate 
characterization at frequencies higher than those specified by the 
manufacturer. This is also to check for the usefulness of this circuits material 
at frequencies outside the manufacture supply data range.
At lower frequencies (<5 GHz), materials characterization is very 
straightforward and the techniques have been extensively covered in the 
literature. However, extending the measurement techniques commonly used 
at lower microwave frequencies to higher microwave frequencies tends to be 
challenging. Thus proper technique for measuring dielectric properties at 
these frequencies is needed.
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In this chapter, the techniques that usually used at low frequencies will be 
reviewed along with a discussion of the limitations of these techniques at 
higher frequencies. A new free-space method will be described later in this 
chapter as an alternative measurement technique, and which has been shown 
to have advantages over other techniques for very high frequencies.
4.2 General Properties of Dielectric Material
The properties of dielectric material are a significant concern in designing 
planar components. The dielectric properties such as permittivity, loss and 
surface roughness determine the characteristic impedance, propagation 
constant and the dimensions of the circuit [1]. These properties have been 
discussed in detail in Chapter 2.
A dielectric may be defined simply as a non-conducting substance, which is 
also known as an insulator, with nonmagnetic properties (jUr=1) and it can be 
in form of solid, liquid or even gas [2]. The most significant properties that 
define a dielectric are the permittivity and loss tangent. The complex dielectric 
constant can be represented as equation 4.1.
£ * = £ - j £  (4.1)
where the e is the real part of the permittivity and determines the amount of 
energy store in the dielectric, while z is the imaginary part which represents 
the loss in the material. However loss in material is usually represented by the 
loss tangent as shown in equation 4.2. Tan ô is the ratio of energy dissipated 
over energy stored. The Q factor of the material can be calculated as the 
reciprocal of tan 5.
tanS = ^  (4.2)
The relative permittivity of a dielectric is not a fixed value and is dependent on 
several factors such as ambient temperature, humidity and frequency [3]. é 
can vary from 1 for air, to greater than 2000 for ferroelectric dielectrics, and 
tan 5 can be as low as 3x10'^ for crystal to higher than 1 in radar absorbent 
material (RAM) material. Material with tan 5 less than 3x10'"  ^is considered as
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low loss material, suitable for RF applications, and material with tan ô higher 
than 3x10^ is considered to be high loss [4], The focus of this chapter is 
primarily on the frequency dependence of the permittivity and loss tangent of 
solid dielectrics.
Figure 4.1 shows a typical permittivity versus frequency graph [5]. The graph 
indicates that the permittivity of dielectric material drops as frequency 
increases due to polarization in the material. Polarization is the response of 
electric dipoles in a material due to the applied electromagnetic field. The 
graph shows that the permittivity is stable from do up to around 10® Hz and 
drops significantly thereafter. This provided the justification to characterize 
material at higher frequencies as there is little published data on the material 
available at these frequencies and manufacturers only provide measurement 
data at lower frequencies.
Dipolar
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Figure 4.1: Permittivity and loss tangent value against frequency [5]
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4.3 Choice of Measurement Technique at Lower Frequencies
For measuring the dielectric properties at lower frequencies, there are several 
established techniques that can be used. These methods can be divided into 
two main categories which are resonance and non-resonance methods [6].
In the resonance technique the materials under test serves as a resonator or 
as a part of resonator and the properties of the material are obtained from the 
resonance frequencies and from the quality factor. In general, the resonance 
technique provides greater accuracy and is more sensitive compared to non­
resonance methods.
In the non-resonance technique the properties of the dielectric under test in 
obtain from the impedance and wave velocities in the material. When a wave 
propagates from one medium to another, the impedance and wave velocities 
change. This results in reflection at the interface of the two mediums. 
Measurements of reflection ( S u )  and transmission (8 2 1 ) can be used to 
deduce the parameters of the material under test.
4.3.1 Resonance Methods
Waveguide resonators are widely used in materials characterization 
especially using cavity perturbation methods [7-8]. Waveguide resonators are 
usually made by shorting the two ends of the waveguide segment. This 
method uses a piece of waveguide with length of M 2 at the desired 
frequencies as shown in figure 4.2. Both circular and rectangular waveguide 
can be used. However, rectangular waveguide is more commonly used.
Back plate
Dielectric
sample
Figure 4.2: Waveguide setup for dielectric measurement
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The material data are deduced from the measurement of the Q-factors and 
the resonance frequencies of the waveguide cavity with and without the 
sample. When the sample is introduced into the waveguide cavity, the 
resonance frequencies and the Q-factor of the resonator will change hence 
the parameter of the sample can be calculated from the two measurements.
As this measurement technique involves inserting the sample into the 
waveguide cavity, the back plate of the cavity needs to be dismantled to allow 
for the sample to be inserted. Dismantling the waveguide will involve 
mechanical work in screwing and unscrewing the back plate and this can 
create significant error during the measurement. The position of the sample in 
the waveguide will also affect the measurement outcome [9]. To avoid the 
loading effect during measurement, a slit cavity method can also be employed 
[10].
The slit cavity method works by cutting slits on the side wall (E-plane) of the 
waveguide. The slit is cut out in the same direction as the current flow so that 
it will not disturb the field in the waveguide, and cause field radiation from the 
slit. The measurement is done by simply inserting the sample into the slit, 
thereby reducing the possibilities of loading errors.
Figure 4.3: Waveguide slit measurement setup.
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For the waveguide resonant structure, equations 4.3 and 4.4 can be used to 
find the value of the permittivity and loss tangent of the sample [6, 11]. 
Subscripts a and b indicate the measured values before and after the sample 
is inserted; u and v are the volume of the sample and the cavity respectively. 
The value of A and B are obtained through calibration using a sample with 
known permittivity and loss tangent.
fa  -  fb (4.3)
fb  V
  L  = B s "-  (4.4)
&  &  V '  '
Equations 4.3 and 4.4 are base on the assumption that the electromagnetic 
field in the cavity remains the same after sample has been introduced, and 
also that the coupling coefficients are the same before and after the insertion 
of the sample. It is also assumed that the Qa and Qb values are measured at 
the same frequency.
The resonance method can also be used for planar measurements. In this 
case a resonant ring is formed from a closed loop of planar transmission line 
[12]. Figure 4.4 shows an example of a two port ring resonator circuit.
Power is coupled into and out of the ring through the feed lines and across the 
coupling gap. The ring can be loosely or tightly coupled to the feed lines. 
Loose coupling is where the gap is large and there is no significant loading 
effect on the ring. However, the bigger the coupling gap, the less energy will 
be coupled in and out of the ring. A trade-off in gap size should be made to 
ensure good performance is obtained.
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Resonant
ring
Figure 4.4; An example of a ring resonator circuit 
The ring is made up of integral multiple of the guided wavelength to force resonance. 
The resonance frequency of a ring can be calculated by equation 4.5, where r  is the 
mean radius of the ring, n is the mode number (n=1, 2, 3...) and Àg is the 
guided wavelength.
iTir = nÀg (4.5)
Figure 4.5 shows a common resonance response. A resonance peak is 
produce at the fundamental resonance frequency and at every multiple of this 
frequency. From the series of resonance peaks the dielectric properties and 
total loss of the transmission line forming the ring can be calculated.
For resonance ring, the permittivity and loss can be calculated by using 
equation 4.6 and equation 4.7 [11]. The loss calculated here is shown as the 
total bulk loss of both the dielectric and the transmission line, equation are 
available to separate the total loss to their respective components [13].
Where I is the length of the ring resonator, n is the number of resonance {n=1, 
2, 3...) and a is the total line loss. Q can be found from the measurement by 
using equation 4.8. fn is the n resonance frequency and fsds is frequency at the 
-3 dB point from the n resonance peak point as shown in figure 4.5.
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Figure 4.5: Resonance responses
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4.3.2 Non-resonance Method
The easiest method for characterizing a material in using non-resonance 
technique is by using two parallel plates as shown in figure 4.6. This method 
involves inserting the material under test in between two metal plates to 
create a parallel plate capacitor [14]. The permittivity of the dielectric can be 
calculated by using equation 4.9 and the loss tangent can be calculated by 
using equation 4.10 and 4.11.
Figure 4.6: Diagram of a parallel plate capacitor
(4.9)
d
1 _ 1 1_
Q  material Q \  Q l
(4.10)
TanS =
1
a material
(4.11)
where A is the area of the sample, d is the thickness of the sample, So is 
permittivity of free space (8.85X10'^^), Qi and O2 are the quality factor of the 
capacitor with and without the sample.
Non-resonant planar transmission lines can also be used for materials 
characterization. One example of a non-resonance planar method is that 
using straight and meander lines [15]. These two lines are of slightly different 
length as shown in figure 4.7.
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Figure 4.7; An example on meander line circuit
The transmission loss and the transmission phase of each line are measured, 
and by dividing the difference in the measured values by the difference in line 
length the line parameters can be calculated. The permittivity can be found 
using equation 4.12 and line loss per unit length is found using equation 4.13. 
0 meander and 0 straight is the measured transmission phase of the respective 
lines.
A . . . , =  (4.12)
total line 10:5='^"""''""''' (dB/m) (4.13)
^ le n g th
4.3.3 Limitations at High Frequencies
Many factors have to be taken into account when choosing the appropriate 
characterization methods. Factors such as accuracy of measurement, 
convenience and the material shape and form are important in selecting the 
most appropriate measurement technique [5]. Some of the more significant 
factors to be considered are the frequency of the measurement, expected 
magnitude of the materials properties, and the form and size in which the 
material is available.
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As described in a previous section, waveguide measurement techniques 
involve inserting material sample into a waveguide cavity. In both the 
waveguide methods described, samples need to be made to fit the waveguide 
dimensions. This becomes a major drawback at high mm-wave frequencies 
where the internal dimensions of the waveguide are very small.
Figure 4.8 shows the different waveguide dimension for different frequencies 
of operation. The 2.5 GHz waveguide has a width of 86 mm while at 40 GHz 
the waveguide width is only 7 mm. At 150 GHz to 220 GHz, the user will have 
to work with WR5 waveguide that has dimensions of 1.2 mm width and 0.62 
mm height. This indicates that the samples need to be prepared in very small 
size in order to be able to fit the waveguide cavity. Machining small samples 
to fit the small enclosure of the waveguide is problematic and micromachining 
is very costly. Preparing and handling small size sample is thus very 
challenging and the process of inserting and removing the sample will be very 
delicate, and errors may result from sample damage. If the sample does not 
properly fit the waveguide, then an air space exists, the measurement will be 
inaccurate. Whilst there are formulae [6] to correct for air gaps in most 
situations, the problem of preparing and handling very small samples remain.
1
86mm
7mm
Figure 4.8: Waveguide dimension at different frequencies 
Precise positioning of the sample inside the waveguide will be challenging, 
and hence the repeatability of the measurements will be in question. 
Moreover, some of the dielectric materials of interest (such as thick film) are 
only available printed or deposited onto another substrate. This requires the
waveguide cavity-based systems to be calibrated with reference samples of
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the same supporting material at the same position. Clearly, with very small 
samples, errors in positioning are likely to be very significant.
In planar techniques, the loss measured is the total loss, inclusing both 
conductor and dielectric loss. To separate the two losses, a series of 
equations have to be used [16]. The validity of the equations used for the 
computation become questionable at very high frequencies where the skin 
depth in the conductor is often less than the rms surface roughness. Under 
these circumstances it is difficult to precisely define the surface loss in the 
conductor, and hence to precisely separate the conductor loss from the total 
loss.
4.4 Free Space Measurement
Free space dielectric measurement is a non destructive and contactless 
technique to measure dielectric properties [17-18]. It provides flexibility to 
perform measurements under different (and difficult) conditions, such as high 
temperature environment [19].
Free space techniques have been used to measure a variety of materials from 
simple dielectric material to human skin [20]. The free space technique has so 
far been used to measure dielectric properties up to 110 GHz [21].
4.4.1 Measurement Method
There are two main methods employed in the free space technique, either a 
one-port measurement or a two-port measurement.
The one port measurement method it is a non-resonance measurement 
where the properties of the dielectric under test are determined only from the 
reflections from the sample [22]. Measurements using this method can be 
done either as a short-circuit measurement or a open-circuit measurement as 
shown in figure 4.9 (a) and (b).
The short-circuit measurement involves placing a metal plate behind the 
sample, located in the far field, to create the short circuit. As it is a one port 
measurement only reflection (Su) is measured.
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Figure 4.9: Measurement setup for (a) short-circuit method and (b) open-circuit method 
The relative complex permittivity of the material under test is related to Su by 
the following relationship [23]:
g ^ jz-tan{ j3d)- \  
" jz  'tan{j3d) + \
(4.14)
where z is the normalized wave impedance, jS is the phase constant in the 
dielectric material and d is the sample thickness. The normalized impedance 
is given by:
1z = (4.15)
The phase constant of the material can be related to the permittivity by:
where 2 is the wavelength in free space.
(4.16)
For the open-circuit measurement, a material with thickness of quarter 
wavelength at frequencies of interest is inserted between the sample and the 
metal plate [22]. This material acts as a quarter-wave transformer 
transforming the short-circuit to an open-circuit at the output face of the 
sample. The material used as the quarter wave transformer must be a 
material which is known to have a constant permittivity across the frequency 
range of interest, such as Teflon, Quartz or just air. The disadvantage of using 
the open-circuit method is the measurement setup will be narrowband. 
Furthermore, at higher frequencies the quarter wavelength will become very 
narrow and hence it will become more critical to be able to transform the 
short-circuit for a good measurement.
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The two port measurement method is the more widely used method. This 
method is also known as the reflection-transmission method since it uses both 
reflection and transmission to calculate the permittivity of the material under 
test [24]. The method uses two antennas to measure the material which is 
placed midway between the two antennas. Calculation of permittivity and loss 
tangent is done using a simple plane wave approximation. The basic setup for 
two port measurement is shown in figure 4.10. The advantage this technique 
has over the one port measurement is the potential to obtain both permittivity 
and permeability of the sample from the same measurement.
Figure 4.10: Measurement setup for two port transmission measurement 
The basic Nicolson-Ross-Weir (NRW) algorithm [25] together with 
Godgdonkar’s result [26] can be use to demonstrate the calculation. As this is 
a two-port measurement, the material permittivity and loss tangent are 
calculated from the transmission coefficient, T, and the reflection coefficient, r  
of the sample. Both can be express in terms of S-parameters as:
(4,17)
l - (S „ -5 „ ) r
r  = K±VK" -1 (4.18)
The plus or minus sign in equation 4.18 is chosen such that \^\<^.
K  = ^ ----- - 21. I  (4 .19)
2^ .1
r  and T are related to the permittivity by the following equation
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r  = (4.20)
k + 1 )
and
T = e~’^  (4.21)
where y is the propagation constant, is the normalized impedance and d is 
the thickness of the measured sample. Note, z^and y can be defined as:
z „ = J —  (4.22)
r  = (4.23)
Aq
As material measured here are dielectrics, by definition there are insulator 
without magnetic properties (fJr=V- Equation 4.22 becomes
(4.24)
Vf?
Rearranging equation 4.20 and equation 4.24, we can obtain
Y i - r ' "
ii+r (4.25)
As the technique is to estimate the permittivity and loss tangent of the 
dielectric using transmission and reflection measurements, it is good practice 
to make sure the surface of the dielectric being measured has acceptable 
surface roughness, within a skin depth value at measured frequency. Material 
with high surface roughness will cause the signal to be scattered instead of 
reflected. This will reduce the accuracy of the measurement.
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4.4.2 Measurement Requirement
One advantage that free space measurement has over other measurement 
techniques is simplicity. The measurement setup only required two antennas 
to direct the microwave energy, a sample holder to hold the sample in 
between the two antennas and a flat piece of sample along with vector 
network analyzer (VNA) system. Figure 4.11 shows the experimental setup for 
the measurements.
Figure 4.11: Sample under test
One of the important requirements for a good measurement is for the sample 
to be in the far-field of the horn antennas at the frequency of interest. This is 
to ensure a plane wave incident to the sample and allows free space to be 
taken as a unity transmission line. The far field of the antenna can be 
calculated by equation 4.26 where H is the widest dimension of the aperture 
of a rectangular horn antenna or the diameter of the aperture of a circular 
horn antenna.
Far field distance = ------  (4.26)
A
Another crucial requirement of the measurement setup is for the main beam 
of the transmitting horn antenna to be totally confined within the area of the 
sample under test [27]. Hence the sample must be big enough to cover at 
least the 3 dB beamwidth of the antenna. The minimum sample area required 
can be calculated provided that the beamwidth of the horn used is known.
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Figure 4.12 shows the basis of the calculation to get the minimum area of 
sample size required. 0 is half the E or H field beamwidth and FDD is the far 
field distance calculated from equation 4.26.
I « I I Radiated
area
R.A = 2(T<m 0^ x FFD )  x 2{Tav 6^  x FFD )
Figure 4.12: Calculation to find the irradiated area of the sample under test.
Figure 4.13 shows the difference in the sample size at two frequencies. From 
the data it is clearly seen that at lower frequency the area needed just to 
cover the beamwidth is very large compared to that at the higher frequencies. 
At lower frequencies, longer distances are required for the sample to be in the 
far field therefore a larger cross-sectional area of the sample is needed to 
enclose the beam from the antenna [28].
For8Ghz-18GHzhom antenna
E H Beamwidth
(Et
Beamwidth
(Ht
67mm 65mm 12-
F 0 r 1450 hz- 22 OG Hz h om antenna
Far field:
=2H:.' lambda
=(2 X S5mX85mm).''(o' 18G)
=8ô7mm
H en ce th e 3d E beamwi dth 
area:
=352.78m mX 377mm
E H Beamwidth
(Et
Beamwidth
(H t
4.6mm 6.8mm 26' 20'
Farfield:
=2H*j' lambda
=(2X5.8 mXG. 8 m )! ( c 150G ) 
=45.2 4mm
H en ce th e 3d B beam wi dth 
area:
=15.33mm X 15.33mm
Figure 4.13: Difference in beam area and far-field distance, at two different frequencies.
75
To reduce the area of sample needed for the measurement, and to minimize 
the effects of diffraction, most of the work done at the lower frequencies has 
employed spot-focusing lenses [29]. A lens is placed in front of the horn 
antenna to help focus the beam and reduce the total area irradiated. At high 
frequencies the lenses are not necessary. Even in the far field of the antenna 
the area needed to cover the 3 dB beamwidth area is still considerably 
smaller than typical samples size. Using lenses at high frequencies will only 
increased the total cost of the setup, with the additional disadvantage that the 
measurement will be limited to a narrow frequency band.
One common source of error arising from measurement with no focus lenses 
is the diverging beam and consequent diffraction of the signal at the sample 
edge [29]. To prevent this error, the sample size must be at least 3 times the 
irradiated area. This will cause problems at lower frequency as very big 
samples are needed (refer to figure 4.13). This also imposes some limitations 
on the type of material that can be measured, as it will be impossible for some 
materials to be fabricated in the large size needed. This problem is not so 
pronounced at high frequencies as the area needed to cover 3 times the 
radiated area is still quite small. Thus it is better to do free space 
measurement with focus lenses at lower frequencies, and without lenses for 
higher frequencies.
4.4.3 Calibration Technique
Calibration is used to correct the systematic error in the VNA. The systematic 
error is calculated from the reference standard and mathematically removed 
by the VNA. The calibration of VNA can be done as either one-port calibration 
or a full two-port calibration. One-port calibration standard measures Su and 
S22 to remove three errors which are related to directivity, source match and 
reflection tracking [30]. Two-port calibrations measure all four S-parameters 
and remove all major sources of system error [30].
At these very high frequencies, together with the measurement setup having 
no focusing lenses, it is extremely important to calibrate the system for an 
accurate S-parameter measurement. Two-port TRL calibration standard was
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used to calibrate the system for the current work as the standard for this was 
most easily fabricated.
TRL stands for thru, reflect and load and is widely used to calibrate non­
coaxial systems. For free space measurement, the only TRL standards 
required are a metal plate for load measurement and a good positioning 
fixture to move the antenna. The TRL calibration for free space measurement 
is performed as follows [31]:
1. Reflect: A copper plate is located in place of the dielectric sample. 
Antenna at port two was moved by the same distance as the thickness 
of the copper plate. Reflection coefficient was measured.
2. Line: The copper plate was removed. The distance between the two 
antennas was unchanged. Frequency response and port match was 
measured.
3. Thru: The antenna at port 2 was moved back to original position. 
Measure frequency response and port match.
The calibration set in the VNA was modified to define the wave impedance 
{377D) and the electrical delay associated with the plate thickness and 
antenna movement. Once the calibration was finished, the reference planes of 
the measurement were located at the face of the sample as shown in figure 
4.14.
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Figure 4.14: Free space TRL calibration reference plane.
Time domain gating was used on top of the TRL calibrated system to 
eliminate errors due to multiple reflections. These multiple reflections arise 
due to the reflections between the air-material interfaces of the sample, and 
contribute a major source of error in free space measurements [32]. Time 
domain gating allows the user to select the specific signal of interest, in this 
case the main reflection, gate it, and eliminated the unwanted reflection and 
radiation [33]. Gate functions effectively act as filters in the time domain to 
remove the unwanted signals from the measurement.
It a good practice to further minimize errors in measurement by ensuring that 
the sample holder should not be moved at anytime during the measurement 
as moving the sample holder will result in the reference plane being shifted. 
This was particularly critical during measurements in the region of 200 GHz, 
where the free-space wavelength was very small. It is also good practice to 
keep the copper plate used as the calibration reflector, and all the samples, 
clean at all times [34]. Contamination (or tarnishing) on these surfaces can 
cause the material under test to exhibit higher loss.
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4.5 Discussion
In this chapter methods for characterizing material at lower frequencies have 
been described. Resonance and non resonance method have been presented 
along with few examples on each method. The limitations of each method at 
higher frequencies were also discussed.
The free space method has been shown to be the most suitable method for 
characterizing material at higher frequencies. It is a relatively simple 
measurement technique, which is non-destructive and contactless. In 
particular, this technique only requires moderate sized samples at mm-wave 
frequencies, although at low microwave frequencies the sample size is 
inconveniently large.
In the next chapter, the free space technique will be used to measure various 
dielectric materials at frequencies between 145 GHz to 200 GHz. The results 
obtained will not only show that the measurement technique is able to yield 
good results at high mm-wave frequencies, but also that dielectric materials 
available on the market are suitable for use in this very high frequency range.
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Chapter 5
Free Space Material Characterization
5.1 Introduction
In Chapter 4 the methods for materials characterization have been described. 
The free space method was shown to be the best method to characterize 
material at higher frequencies.
In this chapter practical measurement data obtained up to 200 GHz using the 
free space technique will be presented. The samples used in the investigation 
were mainly dielectric materials, chosen to represent those in common use for 
millimetre-wave hybrid integrated circuits, namely alumina and LTCC. 
Information is provided on the measurement procedure, calibration technique 
and precautions to be taken during the measurement to avoid errors.
The work also provided new information on the properties of a high 
permittivity material, namely barium strontium titanate (BST). BST is often 
exploited at lower frequencies for its tuneable properties but little is known on 
the behaviour of BST at very high frequencies. In this chapter the results of 
measurements of the properties of thick film BST are presented and 
discussed to judge the suitability of the material for use at high mm-wave 
frequencies.
A new technique to measure a dual layer sample is also introduced later in 
the chapter. This new technique will allowed material that requires to be 
deposited on another supporting material to be measured. Thick film and thin 
film materials are examples of materials that are not self-supporting, and 
therefore cannot be measured in isolation.
The accuracy of the measurement will also be investigated by measuring the 
uncertainty in the measurement. This uncertainty arises from the sample 
holder used, as it had a tendency to move during the measurement. Lastly, 
the effect on a circuits performance of using the incorrect permittivity will be 
investigated, and results presented to show the effect.
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In this measurement procedure assumption is made that all the materials 
measured are non-magnetic (JJr^^+jO), flat, homogeneous and isotropic.
5.2 Practical Measurement Setup
For the measurement, the two-port method was employed and no lenses 
were used to focus the beam. The distance between the two antennas was 92 
mm and the distance between the each antenna to the face of the sample 
was kept to 46 mm which is well into the far field of the antenna. The WR5 
pyramidal horns that were used each had 20° beamwidth in E-plane and H- 
plane, which meant that the main beam only illuminated an area of 16.3 mm x
16.3 mm within the 50 mm square tile (refer to figure 4.15). The 2 inch square 
tiles and the 4 inch square tiles that are used during the measurement are 
therefore of sufficient size to cover three times the 3 dB bandwidth, so the 
diffraction from the sample edges can be neglected. This minimizes the 
measurement error and improves the accuracy.
The horns were connected to an HP8510 VNA, which had Olsen extenders to 
cover the frequency range of 140 GHz to 220 GHz. The Model 9000 probe 
station was modified especially for the purpose. The probe station is mounted 
with micrometre lead screws, which allow accurate movement of the antenna 
to ensure that precise movement can be performed.
To verify the settings, the system was first tested with materials where the 
permittivity and loss tangent were known. RT-Duroid was chosen for this 
purpose as RT-Duroid is a material which has no dipolar mechanisms hence it 
has exceptionally stable permittivity across the frequency range, and in 
addition it had also been characterized up to 100 GHz [1]. The flat samples of 
RT-Duroid were placed in the sample holder and the transmission and 
reflection coefficients of the sample were measured.
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Figure 5.1: Permittivity and loss tangent of RT-Duroid 5870 material with thickness of 3.175
mm.
Figure 5.1 shows the result of the measurement done from 145 GHz to 200 
GHz. The measurement was done several times to check for consistency and 
repeatability. The measurements obtained for the permittivity of RT-Duroid 
was £r = 2.33. The manufacturer’s data [2] suggests that the permittivity is Sr = 
2.33 at 10 GHz. This result show that the system is calibrated well and 
provided the evidence that the setup is capable of producing acceptable 
results.
5.3 Measurement of LTCC Dielectric
For circuits at high frequency, LTCC technology is attractive due advantages 
it has for processing, as discussed previously. LTCC has been said to be the 
best material for circuits fabricated for high frequencies. However not having 
any available materials data at high frequencies will cause problems in 
designing circuits. Here, LTCC materials have been characterized from 145 
GHz to 220 GHz. Permittivity and loss tangent of various samples of material 
were measured and analysed. Table 5.1 shows the dielectric samples and 
their respective thickness. Each sample was fabricated using the normal 
LTCC fabrication process.
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TABLE 5.1: Thickness of measured sample
Material Thickness (mm)
Sample 1 0.830
Sample 2 0.720
Sample 3 0.775
Sample 4 0.785
Sample 5 0.490
Sample 1 is one of the most widely used LTCC tapes. It is available in 
multiple thicknesses and is known for its reliability and stability during the 
fabrication process. From the measurement, the permittivity at 200 GHz was 
7.22, with tan 5 of 0.025. The results of the measurement are shown in figure 
5.2.
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Figure 5.2: Measurement result for sample 1.
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Figure 5.3; Permittivity and loss tangent of sample 2.
Sample 2 is an LTCC tape which has unique self-constraining properties with 
nearly zero shrinkage in X and Y directions. Figure 5.3 shows the 
measurement result. The permittivity is measured to be 6.85 and loss tangent 
is of 0.009 at 200 GHz.
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Figure 5.4: Sample 3 measured parameters
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Figure 5.5; Sample 4 permittivity and loss tangent.
Figure 5.4 and figure 5.5 show the permittivity and loss tangent of sample 3 
and sample 4 respectively. Both tapes are designed for wireless frequency 
applications between 2.45 GHz to 100 GHz. The measurement gave the 
permittivity of sample 3 to be 5.88 while sample 4 had permittivity of 5.83 at 
200 GHz. Loss tangent for sample 3 and sample 4 is tan ô = 0.011 and tan 5 
= 0.005 respectively at 200 GHz.
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Figure 5.6: Result for sample 5 
For sample 5, the LTCC tape gave permittivity of 6.08 and loss tangent of 
tan 5= 0.028, both at 200 GHz.
Table 5.2 and table 5.3 show the measured values of permittivity and loss 
tangent compared to the manufacturers’ values [3-7]. (It should be noted that 
the manufacturers only provided data at a very much lower frequency.)
TABLE 5.2: Comparison between manufacturers’ permittivity data and experimental
permittivity data
Material Manufacturers’ permittivity Measured permittivity (200 GHz)
Sample 1 7.8 @ 3 GHz 7.22
Sample 2 7.3 @ 2.5 GHz 6.85
Sample 3 5.9 @ 100 GHz 5.88
Sample 4 5.9 @ 100 GHz 5.83
Sample 5 6.5 @ 1MHz 6.08
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TABLE 5.3: Comparison between manufacturer loss tangent and measured loss tangent
Material Manufacturers’ loss, tan Measured loss, tan (200 GHz)
Sample 1 0.006 @ 3 GHz 0.025
Sample 2 0.0026 @ 2.5 GHz 0.009
Sample 3 0.0020 @ 100 GHz 0.011
Sample 4 0.0020 @ 100 GHz 0.005
Sample 5 0.003 @ 1MHz 0.028
As shown in table 5.2, the measured results produce lower permittivity value 
than the permittivity values given from the manufactures. This was due to the 
permittivity values supplied by the manufacture being measured at much 
lower frequencies and the measurement result produce in this section were at 
higher frequencies. The results produced follow the trend of permittivity value 
as a function of frequency, as discuss in section 4.2, where the permittivity 
value ought to decrease with increasing frequencies.
From the entire range of samples used, only sample 3 and sample 4 had 
been characterized by the manufacturer at frequencies of up to 100 GHz. It is 
only fair to compare the measured data of these two samples against the 
manufacturer’s data so as to justify the measured data obtained for the other 
samples. Both sample 3 and sample 4 showed measured results comparable 
with the manufacturer’s value, with only a small decrease in the permittivity 
value. The small decrease in permittivity value was the result of the higher 
measurement frequency; there was a 45 GHz gap between the 
manufacturers’ specified data and that measured in the present work. The 
other samples have measurement gap of about 140 GHz, and hence there is 
a bigger drop in the permittivity value.
Table 5.3 shows the measured loss tangent data. The loss tangent measured 
is higher than the manufacturer’s value. This is expected since the loss 
tangent of dielectric material increases with frequencies.
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5.4 Dual-layer Sample Measurement
So far in this chapter, all the materials measured were made as standalone 
samples. However there are materials that cannot be fabricated in that 
manner. Thick film materials, for example, come as semi-solid substance that 
has to be printed on top of a supporting material in order to be measured. This 
produces a dual layer material sample as shows in figure 5.7. New techniques 
have been developed in this section to characterize this type of sample.
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Figure 5.7: Example of a dual layer dielectric sample.
The measurement of dual layer sample follows the same procedure as was 
outlined in section 5.2. The value of permittivity measured in this case is the 
total permittivity of the mixture.
5.4.1 Estimation Procedure
As the sample under test consists of two layers of dielectric, each with a 
different permittivity and loss tangent, the measured parameters are 
necessarily the parameters for the combined dielectric layers. To estimate the 
properties of the dielectric test material, the following procedure is proposed 
[8-9]:
1. For easier estimation of the parameters of the test material, it is 
suggested that one of the materials (in this case alumina) is chosen to 
have known parameters, which can be verified through a stand-alone 
measurement.
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2. The material to be tested should then be applied on top of the material 
with known parameters, with no air-gap. Of course, there will not be an 
air-gap if the material under test is printed onto the supporting material.
3. The thickness of the material with known parameters is measured 
before the printing process. The thickness of the unknown material can 
easily be found, after printing and firing, by subtracting the known 
material thickness from that of the dual-layer sample.
4. The parameters of the dual-layer sample are measured at the 
frequency of interest. The wanted parameters of the printed layer are 
then estimated using the estimation procedure.
5. An error correction factor is applied to produce a more accurate result, 
as described later in this section.
Figure 5.8 shows the flow chart to obtain the material parameter data needed.
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Figure 5.8: Procedure to obtain the required material parameter data
To separate the permittivity of the individual materials from the measured 
permittivity of the composite structure a power law technique was used. The 
relationship models the effective permittivity of two-component systems using 
the volume fraction of each component. It can be represented by equation 
5.1[10]
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(5.1)
where Etotai \s the total measured permittivity of the structure, l/y and V2 
represent the volume ratio of each material and gf and 62 are the permittivities 
of each of the two materials with x as a dimensionless parameter. Birchak 
formula’s [10] gave the value of x as 1/2 while Looyenga formula [11] gave the 
value of X as 1/3. In the current work x is first replaced with a value of 1. 
Another well known formula to separate composite permittivity is the 
Linchtenecker logarithm [12] mixed law as shown is equation 5.2.
log^ total = ^  log ^ 1 + 2^ log ^ 2 (5.2)
For the dual layer material, both equation 5.1 and equation 5.2 can be used to 
estimate the permittivity and loss tangent. As the two dielectric materials 
measured have the same area, equations 5.1 and 5.2 reduce to equation 5.3 
and equation 5.4 where Ti and T2 are the thickness of the respective 
dielectrics and Ttotai is the thickness of the total structure.
^total
f  T \  f  T ^i l  i -
TV  total J TV total J
(5.3)
logstotal
f  'T \
TV total J
log^l +
f '  'V  \
Ty-*-to ta l J
log  ^ 2 (5.4)
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5.4.2 Measurement Result
To validate the measurement technique, LTCC was first used since the 
properties of this were known from the standalone samples measurements 
described earlier. For measurement purposes, the LTCC tape was laminated 
onto a supporting alumina tile. The supporting alumina thickness was 
measured to be 1.254 mm. The thickness of LTCC tape was measured 
precisely and Table 5.4 shows the thickness of the samples used in the 
experiment.
TABLE 5.4: Thickness of sample measured.
Sample Thickness (mm)
Sample 1 (LTCC) 0.630
Sample 2 (LTCC) 0.630
The measurement was performed several times to check for repeatability and 
consistency of data.
Figure 5.9 and figure 5.10 shows the result of dual layer measurement using 
equation 5.3 and equation 5.4 compared to the result of the same sample 
measured as standalone pieces. From the results it shows that the equation
5.3 and 5.4 can both be used to estimate the permittivity of the sample with a 
+/-0.2 error margin. However equation 5.3 gives data closer to the original 
measurement result.
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Figure 5.9: Permittivity of sample 1 using both equation 5.3 and 5.4.
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Figure 5.10: Permittivity of sample 2 using both equation 5.3 and 5.4.
The same equation can also be used to calculate the loss tangent of the 
material. Figure 5.11 and figure 5.12 show the loss tangent of the two sample 
estimated using equation 5.3.
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Figure 5.12: Loss tangent material 2 obtain using equation 5.3
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5.4.3 Correction Factor
More accurate estimation of the permittivity and loss tangent can be obtained 
by inserting a correction factor into the estimation equation. Here, the 
correction factor is x in equation 5.1, where in the initial calculation the value 
was left as 1. To find the appropriate correction factor x is replaced with 
values of T1 / T 2, T2 / T 1, Ti/(Ttotai) and T2 /(Ttotal) where Ty is the thickness of 
the thicker material and T2 is the thickness of the thinner material. Table 5.5 
and table 5.6 shows the permittivity value and table 5.7 and table 5.8 shows 
the value of loss tangent with respective correction factor applied in the 
equation.
TABLE 5.5: Permittivity of Sample 1 with and without correction factor
Correction factor (x) Permittivity
T1 /T 2 7.0913
T2 / T 1 7.3162
Tf /  (Ttotai) 7.2954
T z /(Ttotai) 7.3361
Without correction (x=1) 7.2507
Original value 7.1494
TABLE 5.6: Permittivity of Sample 2 with and without correction factor
Correction factor (x) Permittivity
T1 /T 2 6.6304
T2 /T 2 6.9716
T i/  (Total) 6.9416
T2 /  (Total) 7.0002
Without correction (x=1) 6.8761
Original value 6.6868
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TABLE 5.7: Loss tangent of sample 1 with and without correction factor
Correction factor (x) Loss tangent
T1 /T 2 0.015456
T2 / T 1 0.003318
Ti/(Total) 0.005653
T?/(Total) 0.002488
Without correction (x=1) 0.01017
Original value 0.01615
TABLE 5.8: Loss tangent of sample 2 with and without correction factor
Correction factor (x) Loss tangent
T1 /T 2 0.0081
T2 / T 1 0.0093
T i/  (Total) 0.0088
T2 /  (Total) 0.0101
Without correction (x=1) 0.0091
Original value 0.0107
From table 5.5 and table 5.6 it can be seen that the best correction factor for 
the permittivity data is x= T i/T 2 . This is the same for both materials under test. 
On the other hand, for the loss tangent value, both samples need different 
correction factors to produce data closest to the original (single layer) value. 
Sample 1 produces the nearest to original loss when a correction factor of Ty/ 
T2 was applied while sample 2 produced the closest result with T2 /Total as the 
correction factor. However, the loss tangent for both material calculated 
without correction factor (x=1) is close enough to the original value. Without 
correction factor in the equation, sample 1 produces 5.98x10'^ difference in 
loss tangent while sample 2 produces 1.6x10'^ difference.
It can be concluded for the dual layer measurement that for more accurate 
permittivity value T /T 2 can be used as correction factor. However for the loss 
tangent it is reasonable enough to use the value calculated using the equation
5.4 without any correction factor. It should also be noted that for practical
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design knowledge of the precise permittivity is more significant than that of the 
loss tangent.
5.5 Measurement of High Permittivity Material
Materials with high permittivity usually refer to those materials that have a 
relative permittivity greater than 100. These materials are usually ferroelectric 
materials. Ferroelectric materials have been widely used as tuneable 
elements in electronic circuits. But these materials have not previously been 
investigated at high mm-wave frequencies.
BST is one of ferroelectric materials whose permittivity is known to change as 
a function of the applied DC electric field. The tuneable property of BST has 
been exploited in many applications, such as tuneable filters, phase shifters 
and antenna beam-steering circuits. By incorporating BST in microstrip 
circuits in a distributed manner, the circuits can offer all of the advantages of 
planar microstrip circuits, plus a tuneable capability.
At lower microwave frequencies, these types of circuit have mainly been 
fabricated using thin-film technology. BST in a thick-film format has 
advantages over thin film BST both in terms of lower cost and in the 
opportunity to form multilayer structures. There is a common misconception 
that the material is simply too lossy for useful application at these higher 
frequencies even though there has been no published data on the behaviour 
of the material at these frequencies.
A free-space technique was used here to characterize both thin-film, thick-film 
and bulk BST samples. For the thick-film and thin-film samples, a dual layer 
technique was used. This technique was employed due to the material 
requiring a supporting substrate. For the thick film BST, the paste was printed 
onto a 635 jim  thick alumina substrate, dried and fired in the normal way. The 
printed and fired layers had an overall thickness of 16 jim. The thin-film BST 
material was sputtered onto the 635 //m alumina in an Argon/Oxygen 
atmosphere using an RF magnetron sputterer. The resulting samples had a 
350 nm thick layer of BST. RF measurements were performed over the 
frequency range 145 GHz to 155 GHz, with the same measurement setup as 
described in a previous section. The results are shown in figure 5.13.
1 0 0
Since the sample was measured dual-layer, equation 4.18 was used to 
separate the permittivity and loss tangent of BST from that of the alumina [13]. 
A correction factor of 1 was applied.
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Figure 5.13: Permittivity of bulk and thick film BST.
The losses in the material were also measured and the results are shown in 
figure 5.14.
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Figure 5.14: Loss tangent of thick film BST and Bulk sample of BST
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The results show the relative permittivity of thick film BST to be around 230 
and loss tangent to be about 0.03. The thick film BST had previously been 
characterized at 1 GHz with a measured relative permittivity of 260 [14]. 
Comparing these results indicated that the relative permittivity value obtain 
from the current measurement was in the correct region.
However, the measurement technique appears to be unreliable for very thin 
samples. The tests on thin film BST sample which have thickness of only 350 
nm were unsuccessful. Too thin a sample caused problems in measurement 
as the reference plane for the measurement needed to be more (extremely) 
accurate. For very thin samples, other methods such as those using planar 
test structures might be more suitable
The results are interesting because they show that BST exhibits a reasonably 
low loss at G-band, indicating that all of the benefits of BST that are currently 
being exploited at lower microwave frequencies, can viably be extended to the 
high millimetre-wave range. Furthermore, although BST exhibited much 
higher loss than normal dielectric material, only small amounts of BST would 
normally be used in a tuning circuit, and these results suggest that the Q of 
these circuits would still be very good over this high frequency range.
5.6 Uncertainty in Measurement
After the system was properly calibrated, errors such as multiple reflections, 
radiation and diffraction from the sample edge are assumed to be eliminated, 
or negligible. However the measurements are still prone to some other errors. 
These are mainly post calibration errors introduced to the measurement due 
to limitations in the test fixture and manual errors in alignment.
One of the sources of error that is possible with the current set-up is 
unwanted movement of the sample holder. The sample holder used in the 
measurement is a screw type as shown in figure 5.15. It can hold the sample 
firmly in the vertical plane but has a tendency to sway, causing the sample not 
to be parallel to the antenna. As the sample holder was screwed to the metal 
base there was the possibility of it being twisted out of alignment during the 
process of changing the sample, introducing an error in the angular alignment, 
and also in the position of the reference plane. This would in turn cause the 
incident wave to impact the sample in a non-uniform manner, and change the
1 0 2
area of the sample illuminated by the beam. For large angular errors some of 
the wave might not incident on the sample at all. This is illustrated in figure 
5.16.
Figure 5.15; Sample holder used for the measurement
^ngle of 
'movement
Figure 5.16: Effect of sample holder movement during measurement (top view)
The small angle is the main concern here as angle more than 5 degree are 
easily visible and can be corrected. Angles smaller than 5 degrees are hard to 
detect, and hence are usually left un corrected. In this case the sample holder 
was purposely twisted to some desired angles during the measurement to see 
the effect. A circular protractor was used to determine the angle.
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Figure 5.17; Measured alumina permittivity with uncertainty introduce to the measurement
Figure 5.17 shows the measurement results from the alumina sample before 
and after purposely twisting the sample at certain angle to see the effect. It 
shows the measured permittivity of the sample changes as the angle is 
increased. Moreover, the permittivity increased significantly as the angle 
increased. The permittivity is affected by +/- 0.02 at small angle and + 0.1 at 
bigger angles. From these results, it can be seen that the change in 
permittivity for small rotation angles is negligible.
Users should be very careful to try not to move the sample holder to minimize 
any post-calibration error. It also a good practice to recalibrate the system 
after few sample measurements to minimize post-calibration error.
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5.7 Effect of Dielectric Properties on Circuit Performance
So far in this chapter, the results of dielectric characterization at frequencies 
between 140 GHz to 200 GHz have been shown. From the result it is clear 
that the permittivity and loss tangent of almost all the material change 
significantly from the value provided by the manufacture. In this section, the 
practical effects of using wrong dielectric parameter and also the higher loss 
tangent is shown.
To investigate the effect of using the incorrect dielectric permittivity, an edge- 
coupled bandpass filter circuit was designed at 150 GHz. The edge-coupled 
bandpass filter was made up of two resonant sections, which made it very 
sensitive to changes, both in dielectric parameters and conductor condition. 
The initial dielectric permittivity of 9 was adjusted to investigate the effect of 
the permittivity change on the filter performance.
The graph in figure 5.18 shows the significant of having accurate permittivity, 
as it is clearly shown, that even a small change in permittivity can have a 
considerable impact on the performance of the filter. The centre frequency 
was badly affected; as the permittivity increased the centre frequency of the 
filter was shifted to higher frequencies, and the centre frequency is shifted to 
the lower frequencies as the permittivity decreased. The bandwidth of the filter 
was also affected. This is represented in table 5.9. The same pattern as 
before is observed where the bandwidth is increased as the permittivity 
decreased and vice versa. These results show that dielectric material needs 
to be characterize correctly at a given frequency, to avoid these problems.
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Figure 5.18: Performance of a bandpass filter at different permittivity value.
TABLE 5.9: Bandwidth of the bandpass filter with various permittivities
Parameter -30% -20% -10% 0% +10% +20% +30%
Bandwidth (GHZ) 6.4 5.9 5.5 5.2 4.9 4.7 4.5
In table 5.3, the measured dielectric loss tangent values are compared to the 
manufacturer’s given loss tangent data. It shows a significant increase in the 
loss tangent value, from 0.008 to 0.028. The effect of having higher loss 
tangent in circuit performance is known to increase the insertion loss. In this 
part of the work the minimum value of loss tangent acceptable before the 
performances degrades significantly was investigated.
Figure 5.19 shows the insertion loss in the band pass filter as the loss tangent 
is increased. As expected, the performances of the band pass filter degrade 
as the dielectric loss tangent increased. The relationship between loss 
tangent value and passband insertion loss is tabulated in table 5.10.
From the table it can be seen that dielectric loss tangent less than 0.001 is 
needed for good insertion loss { L a < 0 . 5  dB). However, all the measured 
dielectrics (refer to table 5.3) produced loss tangent higher than 0.001, with
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the lowest loss tangent measured being from sample 4 with tan 5 of 0.005. 
With tan ô of 0.005, more than half of the power is lost during due to dielectric 
attenuation. Notes that the loss presented here is only loss due to dielectric, in 
practical circuits there will be additional losses associated with the conductor 
and radiation. This shows that for high frequencies applications, there is a 
significant need for dielectric materials having low loss tangents.
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Figure 5.19: Effect of the loss tangent on the insertion loss of the filter
TABLE 5.10: Insertion loss {La) of the bandpass filter with various loss tangents
Tan 5 0 0.001 0.002 0.005 0.01 0.013 0.016 0.02
La @ 150 GHZ -0.03 -0.7 -1.5 -4.2 -6.8 -9.3 -11.7 -14.08
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5.8 Discussion
In this chapter, dielectric material has been characterized from 145 GHz to 
200 GHz using the free space technique. The outcome demonstrated that the 
free space measurement technique is applicable to these high frequencies 
and yields reasonable measured data.
Measurement on different types of LTCC material showed that the permittivity 
and loss tangent of these material make it feasible for these materials to be 
used for high frequencies applications. In general the measured data showed 
that the performance of commonly used substrate materials was also such as 
to make them suitable for use at very high frequencies. Although the loss of 
the materials tested was rather higher than expected, the significance of this 
is offset by the fact that the size of components can be very small at these 
high mm-wave frequencies.
A free-space technique to estimate materials parameters from measurements 
on a dual-layer sample has also been developed. This technique is able to 
estimate the permittivity of material to within 0.8% of a reference value 
(obtained from measurements on homogeneous samples). It was shown that 
application of a correction factor, x= T i/T 2 , to the theory reported the literature 
was necessary to achieve high accuracy.
Even though in this work the dual-layer technique was applied to find the 
parameters of LTCC on alumina at G-band, the same technique could be 
applied to any other dual-layer material at any other frequency (given the 
restriction that the required sample size may be excessive at low microwave 
frequencies). More importantly, the technique can be used to measure the 
permittivity of printed materials that are not available in a standalone format. 
The free space technique was shown to work well on high permittivity material 
as well as on low permittivity material. BST materials, both bulk and thick film, 
was tested and produce a good result. The results for BST were interesting in 
that they showed that the losses in the material were of an acceptably low 
level for use in miniature tuning components. It was also noted that the free 
space measurement is not particularly suitable for measurement of thin film 
samples.
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The effect of having not accurate permittivity value on circuit performance was 
also investigated. From the results it can be seen that a small change in 
permittivity value has a significant effect on the circuit performance. 
Investigation of the loss tangent value showed significant filter (passband) 
insertion loss when the test structure was simulated with the loss tangent 
values obtained through measurement. The results emphasis the need for low 
loss dielectric materials for very high frequency applications.
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Chapter 6
Tuneable Rectangular Ring Resonator 
Filter with Shunt BST Distributed Planar 
Capacitor
6.1 Introduction
Tuneable components, especially tuneable filters, have a special place in RF 
and microwave applications. The ability to tune a component to make it useful 
for dual band/frequency applications without having to use separate additional 
components is very important.
The normal method of producing a tuneable filter is by using either 
mechanical tuning, or a variable capacitor or semiconductor as the tuning 
element. The use of a variable capacitor as the tuning elements works 
perfectly at low frequencies, but at high frequencies, parasitic elements from 
the package will dominate the performance of the filter.
Tuneable ring resonator filters have been realised in the past by using active 
devices mounted on the ring. The drawbacks of this method are the high 
insertion loss and low Q of the ring. This creates the need of the loss 
compensation circuits, hence increasing the complexity of the design.
For the work reported in this chapter, a microstrip ring resonator was used as 
a bandpass filter, and tuneable material was incorporated into the ring. The 
ring structure was preferred over the other microstrip bandpass structures due 
to the simplicity of the design, the small size and the ease of biasing the 
tuning material.
Distributed implementation of a BST thick film variable capacitor was used in 
the designs along with a multilayer circuit technique. The variable BST 
capacitor was built into the substrate, reducing the area required and also 
improving the insertion loss. The methods for designing the tuneable ring
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filter, results and tunability are presented to give the optimum design 
methodology.
6.2 Ring Resonator as a Filter
In chapter 5, the use of ring resonator to measure the permittivity and loss 
tangent of material was described. However there are a lot more applications 
for ring resonator such as the ring antenna and the ring filter.
The ring resonator can be used as a filter due to the fact that the ring 
circumference is made up of multiple numbers of wavelengths at the desired 
frequency. When a signal is coupled into the ring, the signal will pass through 
at the resonance frequencies while other frequencies are rejected before 
being coupled out. As such, the ring resonator demonstrates the typical basic 
behaviour of a bandpass filter. To achieve a more complex transfer response 
several; rings can be coupled together. But to demonstrate the tuning 
capability just one ring will be considered here.
The other advantage of using this structure is the small space it requires 
compared to other bandpass structures. So it can be miniaturised quite easily 
to further reduce the size. Other techniques to reduce size have been the 
meander technique, lumped equivalent circuit, and the use of high permittivity 
substrates [1-3]. Multilayer techniques have also been used to both reduce 
the size and increase the input and output coupling [4].
To use the ring resonator as a bandpass filter, tight input/output coupling is 
needed. This is to reduce the passband insertion loss in the circuit. Tight 
coupling can be achieved by making the coupling gap narrower or by using 
capacitor coupling [5-6]. Another technique that has been established to 
obtain tight coupling is the use of technique called enhanced coupling. In this 
technique the feed line is flared to increase the coupling area to the ring [7-8]. 
This produces a stronger coupling force between the feed line and the ring.
The tuneable ring filter is known to have a high insertion loss compared to 
other planar filter structures. Loss compensation circuits are usually used to 
offset the high insertion loss. The two most common loss compensation 
circuits are the transmission amplifier and negative resistance circuits [9 -10].
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A ring resonator using a high temperature superconductor (HTS) to obtain a 
very low insertion loss has also been reported [11].
A single ring resonator response is usually very narrow. This is good for a 
narrow band filter application, especially in very high frequency circuits (~100 
GHz) where a bandwidth less than 1 % will be sufficient for many applications. 
However, for filter applications at the lower microwave frequency the 
bandwidth needs to be slightly widened. Dual-mode can be generated on the 
ring to make the response slightly wider [12-13]. Other techniques have also 
been developed to design ultra wideband ring filters [14].
6.2.1 Modes in Ring Resonator
Ring resonator can support many modes as different excitation and 
perturbations will allow different modes to be generated. The three main 
modes that can exist in a ring structure are [15]:
(1) Regular modes
(2) Forced modes
(3) Split modes
Regular modes are modes that exist when symmetric input and output feed 
lines are applied to the ring [16]. As the ring circumference is a wavelength 
long, it can also be seen as made up of two half wavelength lines connected 
in parallel. This will cause maximum field to occur at the point where the feed 
lines excite the resonator [15]. Figure 6.1 shows the maximum field in a ring 
resonator at different mode number. The maximum field point is indicated by 
X. There are anti-resonance points appearing between the two maximum 
points; this anti-resonance is also known as a minimum point.
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Figure 6.1: Regular modes with different mode numbers
Forced resonance modes are modes that are excited by forced boundary 
conditions [17]. This is when part of the resonance ring is made to be either 
an open or a short section. An open section is made by cutting a slit in the 
ring structure while a short is obtained by inserting a thin conductor inside a 
substrate [18].
Split modes can be generated by introducing asymmetries in the ring 
structure. There are few methods to generate these modes. The methods that 
can be used are:
a) Coupled split modes [19]
• Achieved when one of the feed lines is skewed producing asymmetric 
feed lines. The amount of angle that the feed lines have been skewed 
determines the splitting frequencies of the plot modes. This is shown in 
figure 6.2 (a).
b) Local resonance split modes [15]
• Excited by changing the impedance of an annular sector. Changing 
impedance can be obtained by increasing or decreasing part of the ring 
width. Changes in impedance will cause a local resonant boundary 
condition to build up to store the split energy. This is shown in figure
6.2 (b).
c) Notch and Patch perturbation split modes [19-20]
115
Notch perturbation is achieved by inserting a small section of high 
impedance area into the ring (figure 6.2 (b)) while patch perturbation is 
done by inserting high impedance area (figure 6.2 (d)). The higher the 
change in impedance at those small sections the higher frequency 
splitting.
(b)
a
Figure 6.2: Split modes
6.2.2 Dual Mode Ring Resonator Filter
Dual mode in a ring structure can be obtained by introducing asymmetry in 
the circuits [21]. This can be done by either skewing one of the feed lines 
and/or by setting up disturbance on the ring similar to the one applied to 
produce resonance split modes described in section 6.2.1. An asymmetric 
ring structure can support two degenerate modes and the two modes do not 
occur at the same frequency, and a dual mode response of the form shown in 
figure 6.3 is produced.
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Dual mode
Figure 6.3: Dual mode response.
The common method of generating dual-mode for ring bandpass filter is by 
introducing a local resonance split-mode with 90 asymmetric feed lines [21]. 
By placing the feed lines at 90° to one another, a stop-band is exhibited at the 
first resonance. The discontinuity/disturbance is then added to allow the two 
degenerate resonances to be coupled out. The size of the discontinuity 
controls both the coupling between the two degenerate modes and also the 
location of the transmission zero when they are generated [22]. The 
discontinuity can be introduced at four different locations along the A and B 
lines as shown in figure 6.4. Placing the discontinuity along the A line will 
introduce additional two transmission zeroes at each side of the passband 
[21].
Figure 6.4: Local resonance split-mode circuits with patch and 90° asymmetric feed line.
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6.3 Tuneable Ring Filter
Tuneable ring resonator filter was first reported by Mitsuo Mikimoto and 
Morikazu Sagawa in 1986 [23]. In their work, the ring resonator filter was 
tuned by a tuneable capacitor. Since then, there has been a great volume of 
work on tuneable ring filters using all sorts of tuning element [24-27].
To accommodate these tuning elements, especially if connected in series, a 
slit has to be cut out from the ring. The cuts are usually made in the A or/and 
B lines as shown previously in figure 6.4. These alter the regular mode that 
exists in a ring. If a cut is made in the ring along the A or B line, the ring cans 
only support even and half modes (a7=1.5, 2, 2.5...). In the case where the cut 
is made along A or B line only, the ring is called single tune. For single tune 
filter, one or two variable capacitor can be used along the A or B lines. 
However using only one variable capacitor in a ring will cause the variable 
capacitor to itself, especially in series connection. This is why using two 
variable capacitors mounted in series along the A or B lines is more 
commonly usually used.
Another method of employing variable capacitor in the ring structure is by 
using the double tune method. In the double tune method, variable capacitors 
are mounted along A and B lines. This is a total of four variable capacitors 
connected to tune the ring filter. This type of ring only supports even modes 
(r?=1, 3, 5...). The double tune method is more advantageous compared to 
single tune method. This is due to the fact that a single pair of variable 
capacitors can only control either one of the dual modes in the filter, while with 
double tune both modes can be controlled [28].
In the work of this thesis, double tune methods will be employed. The variable 
capacitor is designed as a distributed element in the form of a parallel plate 
capacitor, and BST thick film is used as the capacitor dielectric material [29].
BST stands for barium strontium titanate. It is chosen as the dielectric material 
for the capacitor due to its ferroelectric nature. Ferroelectric material has a 
special property whereby the permittivity can be changed by applying a DC
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electric field across the material [30-31]. When used in the form of a parallel 
plate capacitor, changes in the permittivity will change the capacitance values.
BST has high permittivity (sr225), which is very useful as capacitors with 
higher capacitance can be made very small. BST is also known to have high 
loss tangent (tan (5-0.012) [32]. However, as only small quantity is needed, it 
will be more advantageous to use distributed elements made of BST thick film 
than lumped tuning elements. Figure 6.5 and figure 6.6 show the measured 
characterization results, both for permittivity and loss tangent, of the thick film 
BST used in this work.
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Figure 6.5: Measured relative permittivity of the BST thick film at difference bias voltage
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Figure 6.6: Measured loss tangent of the BST thick film across the frequency band 
6.4 Shunt Capacitance Ring Filter Structure
There are two ways to employ a capacitor into a ring structure. The capacitor 
can be connected in series or in shunt configuration. The capacitor not only 
can act as tuning element but also as a disturbance to produce the dual 
mode. In order for dual mode to be produced, a pair of capacitors must be 
made such that one of them has greater capacitance than the other.
The shunt capacitance configuration has advantages over a series 
configuration. One of the main advantages of using shunt capacitive 
perturbation is the reduced size of the ring; the area needed can be reduced 
over 67% [33-34]. This makes shunt configuration very attractive to be used 
as a miniature component, especially in microwave integrated circuit 
structures.
Another advantage of the shunt capacitor configuration in a ring filter is that 
the structure is much simpler to fabricate, especially for this work where the 
capacitors were made as distributed elements. The design for a tuneable ring 
filter with shunt capacitors is shown in figure 6.7. The filter employs the double 
tune method with one distributed capacitor placed at each corner of the 
square ring. The ring employs direct coupling from the feed lines (no coupling 
gap) and this resulted in improved (reduced) insertion loss. Furthermore, the 
capacitors can be biased directly from the feed lines hence eliminating the
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need for bias-T connections, which would have increased the size of the 
circuit.
Figure 6.8 shows how the distributed shunt capacitor is created in the ring 
structure. Via holes are made through the substrate, from the ring on the top 
to the ground plane on the other side of the dielectric. The via is filled with 
BST thick film paste up to the required thickness to produce the capacitance 
value needed, and the rest of the via is filled up with conductor paste to create 
the connection to the ground plane. This creates a structure resembling a 
parallel plate capacitor.
The thickness of the BST is usually made to be a single or multiple of the 
LTCC tape thickness. Since the LTCC tape has discrete thickness, as 
supplied by manufacturer, it is advisable to first decide on the LTCC thickness 
wanted before finding the via diameter size to produce the required 
capacitance value. The limitation for the via size will be the width of the ring 
and also any fabrication limitations.
Figure 6.7: Tunable ring filter with shunt capacitor
□ LTCC 
n  BST
□ Silver
Figure 6.8: Distributed shunt capacitor structure
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For the same ring structure to be employed with a distributed series capacitor, 
a more complex structure is needed; the ring needs to be divided into four 
sections with two of the section is on the top layer and the other two sections 
embedded in the dielectric. The feed lines will also be on different layers. 
Figure 6.9 shows the ring with a series capacitor. One disadvantage of this 
structure is that in order to satisfy the resonance condition, the ring 
circumference must be greater than one wavelength [28], hence less 
miniaturization. This type of structure also required a bias-T connection in 
order to bias the BST capacitor. Initially, four bias-T structures are needed, 
one for each ring section. However a narrow transmission line can be used to 
connect the two sections in the same layer of the dielectric together. This 
reduces to two the number of bias-T needed, one on each dielectric layer.
There is however an issue with using this narrow transmission line to connect 
the two section together. If the ring is a wavelength at the resonance 
frequency, the length of the narrow connection will be quarter of the 
wavelength. This will transform the open circuit point on one ring section to a 
short circuit point on the other ring section. This will produce a bandstop 
response and there will be no signal from one section going to the other, 
hence there will be no effect having the narrow connection on the ring 
performance. However as the ring is greater than a wavelength, the narrow 
connection will not be equal to quarter of the wavelength and the connection 
will affect the performance of the filter.
□  T o p  la y e r
□  S e c o n d  la y e r
Figure 6.9: Tunable ring filter with series capacitor structure
Figure 6.10 shows the distributed series capacitor structure. The BST thick 
film paste fills the via hole is sandwiched between the ring sections on 
different layers.
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□  LTCC 
El BST
□  Silver
Figure 6.10: Multilayer series capacitor structure 
To achieve dual mode in a tuneable filter, especially using the double tune 
method, one pair of the capacitors is made to have higher capacitance value 
than the other pair. To achieve narrow bandwidth and avoid the modes 
splitting, the difference in capacitance values of each pair needs to be small.
The schematic for the shunt capacitor ring filter is shown in figure 6.11.
Figure 6.11; Shunt capacitor ring filter 
The ring filter can be designed using very simple methods. First, the designer 
need to establish the frequency of operation for the ring filter, types of LTCC 
that is going to be used and permittivity of the BST material. Next, the value of 
the shunt capacitor can be calculated by using equation 6.1, where A is the 
area of the via hole and d is the thickness of it [35].
C  =  (6 .1)
d
In transmission line theory, any short piece of transmission lines can be 
represented by a tt network as shown in figure 6.12 [36].
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Figure 6.12: tt network representation for a short piece of transmission line 
The extra length that each pair of capacitor adds to the ring circumference 
can be calculated by using equation 6.2 with Zo as the impedance of the 
transmission line (ring impedance). Higher capacitor values will produce 
longer extra lengths.
Q/2 ~ tan
d,
(6 .2)
(6.3)
The length of the ring filter can be found by:
K in g  =  ( 6 . 4 )
From the above formulae it is clear that if the capacitor value is increased, 
more extra length can be added to the ring, and so decreases the physical 
size of the ring.
The capacitor is connected to the ground with via filled with conductive 
material. Each via will act as an inductance, in series with the capacitor. The 
value of inductance of the via holes can be calculated using equation 6.5 [35]. 
However, the inductance values of the via holes are usually very small and 
can be neglected. But some caution is needed as the inductive via is in series 
with the capacitor, and the structure looks like a series LC resonant circuits. 
At resonance, the structure will be shorted to ground and no output will be 
obtained. So the resonance of each structure should be calculated using 
equation 6.6, to check that the resonance is out of the working frequency 
band. But for a small via hole with a low inductance value, the resonant
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frequency of the structure is usually significantly higher than the operating 
frequency.
= 0.2 h - \n + r^+h- (6.5)
f r  -
27T^L i^aC
(6.6)
The parameters of the rings with shunt connected capacitor are given in table 
6.1. Two rings, filter A and filter B, which have different lengths, were 
produced for this experiment. Cg is made bigger than Ci to produce two extra 
transmission zeros.
TABLE 6.1: Parameter of the ring filter with shunt capacitor
Parameter Filter A Filter B
Ring circumference (mm) 6.115 3.642
Ci (pF) 0.56 0.56
C2 (pF) 0.71 0.71
For filter A and filter B, the frequencies of operation were calculated to be 7 
GHz and 9.5 GHZ respectively. The inductance of the via holes was 0.565 pH 
and the resonant frequency of the via structure was 275.72 GHz (much higher 
than the operating frequency).
6.5 Measurement Results
The ring filters with shunt connected capacitors were fabricated on multilayer 
HL2000 LTCC tape with single layer thickness of 90 um (post fired) and 
relative permittivity of 7. The total dielectric thickness of the structure was 270 
um. The ring and the feed lines were made to be 50 Q (the dielectric 
thickness, substrate permittivity and frequency of operation were considered 
in this calculation). The filters were measured using the Wiltron Universal Text 
Fixture, to hold the circuit, and an HP8510c VNA to obtain the measured S-
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parameter data. The system was calibrated prior to measurement to ensure 
minimum system error.
Figure 6.13 shows the response for filter A. From this figure it is observed 
that the filter produced a good response, with very low insertion loss. These 
results are promising as ring filter are normally regarded as having very high 
insertion loss. The centre frequency of the filter is at 9.8 GHz and the 
bandwidth is 2.6%. However the two extra transmission zeros didn’t appear 
on the filter responses.
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Figure 6.13: Measured result for ring filter A 
Figure 6.14 shows the measured result for filter S. The filter also has 
produced good response with low insertion loss. The filter centre frequency is 
around 11.90625 GHz with 3 dB bandwidth about 3.06%. Again, no extra 
transmission zeros are present in the filter response.
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Figure 6.14: Measured result for ring filter B 
Table 6.2 shows the measured performance of the two filters reported here, 
compared with data from other shunt capacitive filters reported in the 
literature. From the comparison it is clear that filter A and filter B, both having 
higher centre frequency, have much better insertion loss. In work reported in 
the literature surface-mount capacitors were used instead of the distributed 
method adopted in this work. Using surface mount components will lead to 
issues such as parasitic effects, alignment error and also effect of the jointing 
compound (solder or conductive epoxy). All of these factors contribute to the 
high insertion loss reported from other work, particularly as these are 
significant factors at microwave frequencies.
The measured data from the current work also shows that although the BST 
paste may have high loss, it can still be useful since only small quantities are 
needed and these did not adversely affect the ring performance. The 
bandwidth of the two filters in this work is also comparable to the width size 
from other reported work.
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TABLE 6.2: Comparison with other similar works
Filter Centre frequency 
(GHz)
Bandwidth (%) Insertion Loss 
(dB )
Filter A 9.8 2.6 (255 MHz) -0.002
Filter B 11.9 3.06 (634 MHz) -0.03457
Previous work 1 
[33]
1.87 11 (210 MHz) -1.8
Previous work 2 
[33]
1.9 12.6 (240 MHz) -2.1
Previous work 3 
[25]
1.66 5.4 (90 MHz) -6.65
6.6 Tunability
As mention in section 6.3, the distributed shunt capacitor is formed by filling 
up the via holes with thick film BST. The permittivity of BST can be altered by 
applying a DC bias to the material. Such an alteration in permittivity causes 
the capacitance value to change and in so doing the centre frequency of the 
filter becomes dependent on the bias applied.
To check for the tunablility of the ring filter, the ring was biased with voltages 
from 0 volt to 300 volt and the filter response observed.
Figure 6.15 and figure 6.16 shows the Su and S21 response of filter A when 
the bias voltage is applied. The filter still maintains good responses 
throughout the change in bias voltages, i.e. the tuning range.
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Figure 6.15; The Su response for tuneable ring filter A
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Figure 6.16: The S21 response for tuneable ring filter/A
Table 6.3 summarized the filter responses across the bias range. It is 
apparent that the good (low) insertion loss is maintained across the bias 
range. The same also applies to the bandwidth of the filter. However, it is 
apparent that the tuning range is very narrow.
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TABLE 6.3: Filter A responses at difference bias voltage
Voltage Return loss {dB) Ins. Loss (dB) fo (GHz) Bandwidth (%)
0 -33.2351 -0.00206 9.807125 2.587
50 -23.6953 -0.01859 9.821125 2.6
100 -25.4146 -0.0125 9.82025 2.59
150 -23.9637 -0.01747 9.824625 2.61
200 -22.9346 -0.02215 9.83075 2.62
250 -22.5549 -0.02418 9.8325 2.63
300 -21.1276 -0.03363 9.838625 2.67
Figure 6.17 and figure 6.18 shows the Su and S21 response for filter B. Again, 
the filter maintains a good response throughout the range of bias voltage.
Table 6.4 summarized the filter responses across the bias range for filter B. 
The filter manages to maintain low insertion loss across the bias range. As 
with filter A, the bandwidth does not significantly change with bias voltage. 
Again, it is apparent that the tuning range for the filter is very small.
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Figure 6.17: The Su response for tuneable ring filter B
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Figure 6.18: The S21 response for tuneable ring filter B
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TABLE 6.4; Filter B responses at difference bias voltage
Voltage Return loss (dB) Ins. Loss (dB) fo (GHz) Bandwidth (%)
0 -21.00811 -0.03457 11.90625 3.06
50 -19.34001 -0.05085 11.9175 3.05
100 -18.47426 -0.06215 11.92125 3.08
150 -17.60557 -0.07604 11.925 3.05
200 -17.03199 -0.08688 11.9325 3.05
250 -16.73981 -0.09299 11.93625 3.06
300 -16.35834 -0.10163 11.94 3.06
From both filter A and filter B responses, it can be observed that tunability is 
achieved from the ring filter; however the tuning range is not as great as 
expected. Base on calculation using the formulae given, both filters should 
produce tunability around 300 MHz when the permittivity is change from 225 
to 200 (2.5 V/jjm). However during measurement, filter A only manages to 
obtain 31.5 MHz tunability while filter B has tunability of 33.75 MHz. Figure 
6.19 shows the measured tunability plot against the electric field applied. 
Electric field applied is calculated by dividing bias voltage by the thickness of 
the BST material.
9.90 -I
— A -  Fitter A 
— ■ -  Filter B
-  11.94
-  11.919 .82 -
11.90
2 30
E (v/um)
Figure 6.19: Filter A and filter B tunability against applied field
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The tunability of the two filters in this work was compared to similar ring 
structure from other work in the literature. From table 6.5 it is clear that both 
filters from previous work using variable chip capacitors have better tunability. 
Chip capacitors usually come with wide capacitance value (~1 pF) for a small 
voltage tune range. For BST thick film, base on figure 6.5, the capacitor value 
will only change by about 0.06 pF for 2.5 V/um electric field applied.
However, the tunability of the filter can be increased by decreasing the 
thickness of the BST material. By doing so, the same voltage applied will 
produce higher field across the material and will increase the tunability.
TABLE 6.5: Comparison with other similar works
Filter Voltage applied Tunability
Filter A 0 - 3 0 0 31.5 MHz
Filter B 0-300 33.75 MHz
Previous work 1 [33] n/a 250 MHz
Previous work 3 [25] 0-20 260 MHz
6.7 Discussion
The result from the measurement shows that both ring filters produced good 
response with very good (low) insertion loss. However there is some 
difference between the design centre frequency value and the measured 
result. This might be result of tolerances in fabrication processes and also 
some loading effect as the ring is connected directly to the feed lines without 
any coupling gaps. There is also an issue in determining true electrical length 
of the rectangular ring structure. There is possibility for some signal to jump 
the corner and making the effective total length of the ring smaller than 
expected.
The tuning from the filter is not particularly good. Both filters only manage very 
narrow tunability range. This can be improved by reducing the thickness of the 
BST thick film, and thereby causing higher electric field to be applied across it.
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Thinner LTCC can be used to realize this but it might cause strain in the 
fabrication processes.
There are also issues during fabrication processes. First, to get the precise 
dimensions of the vias is very difficult. As the circuits are made on the same 
substrate with other circuits that have different via dimensions, it is hard to 
control the laser power throughout. This causes some vias to be oversized 
while some others are undersized. There is also issue with burnt out residue.
Another issue encountered is the material incompatibility. During the 
fabrication processes, it was observed that the silver thick film paste had 
some problem adhering to the via filled with BST thick film. This problem was 
solved by using manual correction. The incompatibility issues arise again 
during the firing stage. For the first batch of the circuits made, they were fired 
using the BST firing profile and the end result was not as expected. As BST 
thick film need higher sintering temperature (>860°c) for longer period (~2 
hours), some of the silver had evaporated. This left narrower transmission 
lines and in some parts the transmission line had completely disappeared.
To solve this issue the second batch of circuits were produced and fired using 
the silver thick film firing profile. The end result was a much better ring 
structure compared to the one fired using the BST firing profile. However, this 
means the BST was not be sintered properly. This will affect the permittivity of 
the material, increase the loss tangent, and may also affect the tunability of 
the material.
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Chapter 7
Inductive Post Technique for Narrowband 
Waveguide Filters
7.1 Introduction
Waveguide components have been well-known for giving very reliable, high 
performance especially for applications in microwave systems. Waveguide 
bandpass filters are one of many waveguide components that fulfil the 
demand for a very high performance filter with low insertion loss and high Q. 
In the context of the current work, it would be good to include waveguide 
filters within LTCC, as a miniature component. So this chapter focuses on 
establishing the design of a suitable filter in metal waveguide, with the 
intention of later converting this directly to an integrated LTCC structure.
One of the challenges for designing filter at high frequencies is achieving the - 
3 dB bandwidth. The normal working bandwidth of a planar bandpass filter will 
be around 15% to 20% of the centre frequency. However, having the same 
bandwidth at high frequencies, for examples at 100 GHz, will be far too wide. 
Suitable filter design at high frequencies aims for narrow bandwidth with a 
typical bandwidth of less than 5%
In this chapter a narrowband waveguide filter design using the inductive post 
technique at 150 GHz will be investigated. The design uses data given in 
Marcuvitz’s waveguide handbook, although this had to be adapted for a 
narrowband design. There have been no reports of this type of design being 
employed at the high mm-wave frequencies as being used in this thesis. The 
choice of using the inductive post inductive structure over other available 
structures for the bandpass filter design will be justified in the chapter, and the 
design procedure will be shown and accuracy of the formulae will be 
investigated
The outcome of this investigation will be useful for the design of narrowband 
filter in integrated air-filled waveguide made from LTCC [1]. The use of the
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waveguide made of LTCC will not only reduce the cost involved in 
micromachining the waveguide and the posts, but also highlight the 
possibilities for complete integration with active and passive components in 
single substrate.
7.2 Design Procedure
Bandpass filters can be realized in waveguide using various techniques. The 
two most common techniques used are the irises-coupled technique and the 
inductive post technique.
The irises-coupled bandpass filter is shown in figure 7.1. This technique 
involves using several thin metal plates with openings to create the irises [2]. 
At lower frequencies where the waveguide size is reasonably big this 
technique is preferable. However as frequencies go higher and the waveguide 
sizes become smaller, using this technique becomes increasingly unsuitable. 
Other issues with using the irises technique at high frequencies is the unclear 
definition on thickness of the thin iris used relative to the wavelength. Also, it 
would difficult to fabricate these irises in an LTCC structure, which is the 
eventual aim of the work. Using irises technique in air-filled LTCC waveguide, 
cutting slots on the side of the waveguide and inserting the irises will be a 
challenging task and also diminish the possibilities of full integration in single 
substrate. The only way to get around this is by creating the iris during the 
waveguide making processes. Again as the iris need to be thin; creating it 
within LTCC will be a delicate task to perform.
Figure 7.1: Irises coupled waveguide filter
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For application at higher frequency, the inductive post technique is more 
attractive as it is easier to implement. Inductive post inductive bandpass filters 
consist of several metallic posts, with appropriate diameters, inserted into the 
waveguide and spaced at particular distances [3]. There are various 
techniques to implement inductive post filters in a waveguide, ranging from a 
single inductive post [4], centred and off-centred, to multiple inductive posts 
[5-6]. Figure 7.2 shows an example of a inductive post filter.
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Figure 7.2: Inductive post waveguide filter.
In this chapter, for ease of implementation, the focus will be on the centred 
inductive post filter. This involves using a number of posts of different 
diameter located at the same distance away from the side wall. Marcuvitz has 
developed an equivalent circuit for the inductive post and this is illustrated in 
figure 7.3. [7]
Figure 7.3: Equivalent circuit for the post 
The equivalent circuits are valid for wavelength range from 2a>A>2a/3. A set 
of equations to calculate Xa and X^ have also been developed by Marcuvitz. 
The equations are given in 7.1 to 7.4.
142
Xb fZo can be calculated by:
Tid Va
IX 8{2ÀJ {2ZJ
Si 25'q 1-
2 ^
A (7.1)
where a is the wide side of the waveguide and d is the diameter of the post. 
Xa/Zo can be calculated by:
a
Tid
a
0 \ ( n d 'i H---
2
—
(7.2)
where
•S'o -  In— - 2  + 2 ^
^  m= 3,5
« ' - I 2a
Z (7.3)
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n=3,5
L (2a~\ 2 2 fJn - - 7 2  +  —
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This set of equations is widely used and known to be accurate within a few 
percent for d/a< 0.2. However, for design involving narrow bandpass filter, 
posts with diameter d/a> 0.2 will be needed. Mariani has developed solutions 
to overcome this problem by using a triple post configuration as shown in 
figure 7.4 [8]. However, this type of filter is not suitable for implementation at 
higher frequencies due to the use of extremely small post diameters and very 
small spacing in between the posts.
143
Figure 7.4: Example of a triple post bandpass filter 
Curves of Xq/Zq and Xt/Zo, vs. d/a are plotted in figure 7.5. Note that different 
plots should be produced for different bandwidths and frequency. These plots 
will be used later to find the diameter of the posts and also the spacing of the 
posts.
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Figure 7.5: The plot for Xa/Zo and Xb/Zo, vs. d/a 
A typical bandpass response is shown in figure 7.6. To start the design of the 
filter, the filter specifications need to be determined. Value of fi and f2 to 
define the bandwidth and the centre frequency, fo, have to be established.
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Figure 7.6: The standard bandpass filter response 
The guide wavelength for the design frequency is then computed for the 
centre frequency and also the band edge frequencies. The guide wavelength 
can be calculated by using equations 7.5 to 7.7. [9]
1
(0.08472 X f,  y -
y 2a /
(7.5)
(0.08472 X / J "  -
\2 a /
(7.6)
4 i  + 42 (7.7)
The waveguide fractional bandwidth is defined as:
go
(7.8)
The impedance Inverter can be calculated by:
4.1 . I
Zo isoSi  2 (7.9)
145
TlXCO,
(7.10)
where go, g i to g„+i are the element value obtained from the low pass filter 
prototypes tables. Equation 7.11 is used to calculate the shunt reactance for 
purely lumped inductance.
jj+i
1-
fK yj+i
(7.11)
Values from equation 7.11 were then used to find the diameters of the posts 
needed. This was done by applying the relationship shown in equation 7.12 
together with the results obtained from equations 7.1 to 7.4. [10]
yj'+i
(7.12)
The distance between each post can be calculated by [10]:
tan -1
r X2x yj+i + tan -1
'0 y
2x
X J + l J + 2
(7.13)
iength gooriginal 2n (7.14)
7.3 Fine Tuning Method
To start with, equation 7.5 to 7.14 were used to design the filter with 
bandwidth range from 0.25% to 5% and centre frequency of 150 GHz. The 
data gathered from equation 7.1 to 7.4, at the respective bandwidth, was used 
to find the post diameters, and the distance between the posts. The 
calculated filter dimensions and the resulting simulated results are presented 
in table 7.1.
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It can be seen from table 7.1 that as the bandwidth increases the diameter of 
the posts became smaller. The same effect will also be observed as the 
number of posts used is increased. All filters here are designed to be of order 
n= 2. A low order filter was chosen to reduce the number of post required and 
avoid having difficulties in having to use very small diameter posts.
From table 7.1, it is obvious that the formula used to design the filter is not 
very accurate for narrowband application. The bandwidth produced by the 
formula is wider than the intended design. This problem is more pronounced 
as the bandwidth get narrower. The centre frequencies for the filter were also 
shifted from the design frequency with errors ranging from 3.72% to 8.53%.
TABLE 7.1: The design and simulated result of bandpass filter at 150 GHz (n=2)
Design Value Simulated Result
BW (%) di,d3 (mm) d2 (mm) Length(mm) BW (%) fo (GHz)
0.25 0.1729 0.321099 1.518361 1.08 153.5625
0.5 0.1391 0.297699 1.4979 1.39 152.5125
1 0.1053 0.261299 1.468 1.95 151.05
2 0.0702 0.2106 1.421342 2.99 149.66
3 0.0507 0.1742 1.385895 4.04 149.1125
4 0.0377 0.1456 1.35 5.006 148.8
5 0.0286 0.1235 1.326593 6.097 148.9375
From a closer observation on the data, it was found that on average the 
simulated value produced bandwidth about 1% higher than the design value. 
These results were used to improve the design equations. Equation 7.5 and
7.6 were modified based on the simulation result, and these are presented as 
equations 7.15 and 7.16. New data sets obtained from the amended formulae 
are presented in table 7.2.
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Results presented in table 7.2 shows that the new, amended formulae help 
improve the bandwidth and the centred frequency. However, there are still 
improvements to be made especially in obtaining more accurate centre 
frequency.
TABLE 7.2: The design and simulated result after formula amendment
Design Simulated
BW (%) fo (GHz) BW (%) fo (GHz)
0.25 150 0.9379 154.6
0.5 150 1.08 153.5625
1 150 1.39 152.5125
2 150 1.95 151.05
3 150 2.99 149.66
4 150 4.04 149.1125
5 150 5.006 148.8
To improve the centre frequency of the filter, the length between the posts 
needed to be adjusted. As the length acts as a resonator, adjusting it will 
directly affect the centre frequency. Increasing the length will reduce the 
centre frequency, while decreasing the length will increase the centre 
frequency.
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It is also evident that at the lower bandwidth (< 2%) the simulated bandwidth 
is still wider than the design value. And it was not only that the bandwidth 
obtained was wider than the design value, the filter also suffered from poor 
return loss. Figure 7.7 shows the simulated result of the bandpass filter with 
1% bandwidth having return loss higher than -15 dB. To improve on the return 
loss of the filter, the diameter of c/2  needed to be increased significantly until 
sufficient return loss (<-15 dB) and accurate bandwidth was obtained.
— — S11
I 321
■10 -
CÛ
73 -20 -
-2o -
-40 -
15C146 152 154 156144
Frequency (GHz)
Figure 7.7: The response of 1% bandpass filter (before diameter and length tuning) and the
respective response to posts
The error percentage between the simulated and the design centre frequency 
was calculated as represented in equation 7.17.
£,(%) =
^  f  -  f  ^J  o,simulated J  o,des, sign
fo .d e idesign
xlOO
(7.17)
The length between the posts was then adjusted by a multiple number of the 
calculated error percentage. The diameter of c/2  for filter with bandwidth less 
than 2% is also increased by multiple number of the same error percentage. 
The result of the simulation with the new length and new c/2  diameter value 
are shown in table 7.3.
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Table 7.3 shows that by applying the appropriate correction,, greater 
accuracy in bandwidth and centre frequency are obtained. The simulation 
result shows that the bandwidth obtained after correction is within +/- 0.1% of 
the design bandwidth. Changing the length has not only affected the centre 
frequency but also affected the bandwidth. Increasing the length will 
contribute to a decrease in centre frequency and decrease in bandwidth. 
Figure 7.8 shows the simulated result of the bandpass filter with 1% 
bandwidth after diameter and length correction is applied. It can be seen that 
the return loss has significantly improved with a value of nearly 20 dB.
TABLE 7.3; The simulated result after the length and diameter tuning
Design Value Simulated
BW
(%)
Ef
(%)
d2 correction 
rate (%)
Length correction 
rate (%)
BW
(%)
fo (GHz)
0.25 3.067 M *  E f 3.5 * E f 0.28 150.085
0.5 2.375 10 *Ef 3.5 * E f 0.51 150.15
1 1.65 2.5* E f 1.1 150.05
2 0.7 - 2 *  E f 1.9 150.175
3
0.225
2.5* E f 3.02 150.0575
4 -0.59 - 3 * E f 4.18 150.0575
5 -0.8 - 3 * E f 5.2 150.2
150
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Figure 7.8: The response of the 1% bandpass filter after tuning 
To make the process of finding the length correction, Ef, easier, an equation to 
represent the length correction factor was developed. The length correction 
factor data for each bandwidth was extracted from table 7.3 and are 
presented in table 7.4. Plots were made with the data and by using Matlab 
software the line equation was produced.
TABLE 7.4: The simulated result after the length tuning
Design value
BW{%) Length correction factor (%)
0.25 10.7345
0.5 8.3125
1 4.1875
2 1.4
3 -0.5625
4 -1.77
5 -2.4
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From the plot, as illustrated in figure 7.9, equation 7.18 is generated. This 
equation can be used to calculate the percentage of length correction needed 
for a particular bandwidth at a particular frequency. A positive Cf signifies 
increment in length while negative Qsignifies decrement in length.
c  (%) = -0.3697e(0.3884 x Bw )+  14.48e(-1.042 x Bw) (7.18)
where Bw is the percentage of design filter bandwidth. Hence the new length 
can be calculated by using equation 7.18. Length original was previously 
calculated by using equation 7.14.
iength„„ =
100+ C/
100
X lengthoriginal
(7.19)
Note that equation 7.18 is only valid for a particular design frequency, in this 
case 150 GHz. For use at other frequencies the process to find the length 
correction factor must be repeated and another line equation must be 
produced. The final design value and simulation result is summarized in table 
7.5.
12-,
10 -
5
2
oU
-2 -
2 3 40 5
Bandwidth (% )
Figure 7.9: The plot of length correction factor (%) vs. the bandwidth (%)
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TABLE 7.5: The simulated result after the length amendment
Design Value Simulated Result
B W { % ) di ,d3 (mm) d2 (mm) Length(mm) B W ( % ) fo (GHz)
0.25 0.2041 0.4645 1.696 0.28 150.085
0.5 0.1729 0.397 1.645 0.51 150.15
1 0.1391 0.3226 1.56 1.1 150.05
2 0.1053 0.2613 1.489 1.9 150.175
3 0.0702 0.2106 1.413 3.02 150.0575
4 0.0507 0.1742 1.361 4.18 150.0575
5 0.0377 0.1456 1.322 5.2 150.2
To validate the new improved formula, a bandpass filter with 1% bandwidth 
was designed at 180 GHz. The design follows the same equation used for the 
150 GHz filter. The error percentage was calculated using equation 7.17 and 
the same correction rate was applied for diameter and length as presented in 
table 7.3. The data obtained from the calculation and results obtained from 
simulation are presented in table 7.6.
TABLE 7.6: The design values and simulated result of a bandpass filter at 180 GHz using the
improved formula.
Design Value Simulated Result
B W ( % ) di ,ds (mm) d2 (mm) Length(mm) B W ( % ) fo (GHz)
1 0.1898 0.3917 1.193 1.2 179.535
From data presented in table 7.6, it has been proven that the new improved 
equation and correction rate are valid at other frequencies. By using the same 
procedure, a near-to-design value is obtained for the bandwidth and centre 
frequency. The data also shows that the post diameter sizes are still
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reasonable and thus the filter is feasible for fabrication. The performance of 
the filter is illustrated in figure 7.10 with return loss of nearly 30 dB.
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Figure 7.10; The response of 1% bandwidth at 180 GHz
7.4 Results
In this section, measurement result of bandpass filter with 1% bandwidth at 
centre frequency of 150 GHz was shown. The design was based on the new 
improved formula and the result from the simulation will now be compared to 
the practical measurement.
For practical implementation copper was used for the posts. In order to use 
the copper wire, the post diameter was be rounded to the nearest wire 
diameter available. Table 7.7 shows the design parameter of the bandpass 
filter after wire diameter selection.
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TABLE 7.7; The simulated result after the length amendment
Design values Simulated
B W
(%)
di,d3
(m m )
design
value
Nearest
wire
diameter
(m m )
c/2 (m m )  
design 
value
Nearest
wire
diameter
(m m )
Length
(m m )
B W
(%)
fo
(GHz)
1 0.1391 0.125 0.3226 0.315 1.549 1.17 149.9
As the diameter of post is changed, some changes in the filter performance 
were expected. The bandwidth of the filter was increased by 0.06% and the 
frequency decreased by 0.35 GHz. To avoid having this problem a specially 
made post diameter with precise diameter size could be used. However 
getting a post tailor-made was very expensive and as the error in using 
slightly different size post diameter on bandwidth and centre frequency can be 
corrected, it was considered not necessary to do so. Figure 7.11 show the 
comparison between the two filters.
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Figure 7.11: Theoretical comparison between the filter with exact post diameters and one with
posts using nearest wire diameter available.
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The rectangular metal waveguide with three post holes bored was fabricated 
by Flann Microwave Ltd. Once ready, the bare copper wires, with the specific 
wire diameter, were inserted into the holes and secured in place using silver- 
loaded epoxy. This process of inserting the wire was done manually. The 
tolerance for centre to centre of the holes was +/- 0.025 mm and tolerance for 
the holes sizes was +/- 0.005 mm. There is also tolerance on the wire 
diameter; however this tolerance value is not specified by the manufacturer.
The measurement result of Su is shown in figure 7.12. The result is 
compared to the simulated result and shows some similarities. Good return 
loss is obtained which indicates good matching of the filter. In section 7.3 
(figure 7.7), the effect of the post diameter on the return loss of the filter has 
been shown. Applying the same principle to figure 7.12, one can assume that 
there are some problems with one of the posts that contribute to the 
asymmetry in the measured return loss response of the filter.
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Figure 7.12: The Su result of the narrowband waveguide bandpass filter 
Figure 7.13 shows the S21 measurement result of the filter. The measured 
filter does produce the characteristic shape of a bandpass filter. However, the 
performance of the filter was slightly degraded from that expected. The 
passband of the filter suffers from excessive insertion loss, which was
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measured to be around 3.6 dB. The bandwidth and the centre frequency of 
the filter were also slightly shifted than the simulated value. The comparison 
between the simulated and measured filter is tabulated in table 7.8.
From table 7.8, it can be calculated that the centre frequency is shifted by 0.9 
GHz; which is 0.6% of error on centre frequency. The filter appears to have 
flatter section in the bandpass region with the bandwidth of the filter increased 
by 0.33%, from the design value of 1.17%, to around 1.5%.
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Figure 7.13: The S21 result of the narrowband waveguide bandpass filter
TABLE 7.8: The comparison between measured and simulated result
Simulated Measured
fo (GHz) BW{%) LA(dB) fo (GHz) BW(%) La (dB)
149.9 1.17 -0.2 150.8 1.5 -3.6
As shown in figure 7.13, the bandpass filter suffers from high insertion loss. 
To investigate the cause for the filter to having such a large insertion loss, the 
distance from one post to another was measured. The distance is tabulated in
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table 7.9. The bandpass filter with fabricated value of Li and L2 is simulated 
and the result is shown in figure 7.14.
TABLE 7.9; The comparison between measured and simulated post-to-post distance
Design Fabricated
Lf (mm) L2 (mm) L i (mm) L2 (mm)
1.549 1.549 1.5 1.54
Measurement
Re-simulation
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Figure 7.14: The S21 result of the measured and simulated (fabricated length)
The filter was initially designed with Li to be equal to L2 . Unfortunately, due to 
fabrication tolerance, L2 is now slightly longer than L i The slight difference 
between the two lengths will cause resonances to appear at two different 
frequencies and result in dual mode operation in the filter, this effect is more 
pronounced at high frequencies due to the shorter wavelength. As the 
difference in the two lengths is small, the two resonance frequencies appear 
very close to each other. This produced a flatter region in the passband and 
increased the bandwidth of the filter. The difference in length also increased 
the insertion loss due to the mismatch that it created.
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There are also other factors that can contribute to the performance. Factors 
such as the unsymmetrical centring of the posts, straightness of the post 
inside of the waveguide and tolerance of the copper wire diameter; these 
factors will affect the return loss, insertion loss and also the centre frequency.
Other factors such as the contact between the post and the waveguide also 
affect the performance. As the post is secured with silver epoxy, there are two 
possible conditions that might occur. The first condition is that the silver epoxy 
did not penetrate through the hole completely, as shown in figure 7.15 (a), 
and the second condition is when the silver epoxy penetrate throughout and 
emerged on the inside of the waveguide (figure 7.15 (b)). Both conditions, 
especially the second condition, create disturbance and affect the field 
propagation within the waveguide (which is very small). There are also other 
possibilities, due to the holes and post diameter tolerance, the post is pushed 
to one side of the waveguide instead of being in the centre. This creates a 
condition as shown in figure 7.16 and creates difficulty in determining the 
exact centre of the post.
□  Waveguide
□  Copper post
□  Epoxy
(a) (b)
Figure 7.15; Illustration of the silver epoxy condition inside the post holes
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Perfect fit
Figure 7.16: microscopic picture of one of the post 
7.5 Discussion
From the result given in this chapter, it is clear that the main area to be 
improved for a better filter performance is the insertion loss. As the distance 
from centre of one post to another is very critical at these high frequencies, a 
better fabrication tolerance is needed in order to improve the performance. 
Other methods such as negative resistance circuits or amplifier can be used 
to compensate for the high insertion loss. Flowever using active devices to 
boost performance in this high frequency region will increase the total cost 
very significantly.
There are also few other areas in the work that can be improved. To start 
with, the dependency on the simulator to calculate the error percentage {E f) 
can be reduced. For the time being, in order to calculate the error percentage 
equation 7.17 had to be used and this required the filter to be first designed 
and simulated using the original equation before the error percentage can be 
calculated. In order to develop another equation to replace Ef, enough data on 
error percentage at different bandwidth and frequencies must be gathered 
and analysed. Also, since different length correction factors and diameter 
correction factors are obtained for different bandwidths and different 
frequencies, it would be very convenient to have equations similar to the one
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in equation 7.18, to find the correction factor for both diameter and length 
without having to simulate it first at every bandwidth and centre frequency.
The use of a higher order for the filter design can also be investigated. For 
this work, only filters with order n=2 were investigated. Flowever to fabricate 
the filter having order higher than 2 will involve using posts with diameters 
smaller than 100 um. As the post insertion was done manually, the smaller 
the diameter the harder it will be to insert it inside the waveguide. To 
overcome this issue a new method in handling the post needs to be 
developed, although this problem could be overcome if the filter were 
implemented in LTCC.
Further work for this investigation is to fabricate the filter in the air-filled LTCC 
waveguide. This will not only allow for fully integrated circuits but also will 
contribute to massive cost reduction. LTCC also offers a better controlled 
fabrication process, so better fabrication tolerances are also possible, and 
based on the previous discussion the improved fabrication tolerances should 
lead directly to improved filter performance.
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Chapter 8
Investigation into Crosstalk within Ceramic 
Packages at High Frequencies
8.1 Introduction
In order to satisfy the high demand for smaller and more compact circuits, 
especially at high frequencies, one cannot avoid having transmission lines 
and components physically close together in order to optimize the use of the 
available circuit area. As miniaturization is achieved, the drawback is the risk 
of unwanted coupling, known as crosstalk, between the transmission lines. 
This crosstalk can reduce the performance of the whole circuit. Hence design 
rules and circuit mechanisms to reduce the crosstalk are needed
In general there are two types of coupling that can occur between 
transmission lines, and these are known as proximity coupling and parasitic 
coupling [1]. Proximity coupling occurs when transmission lines are in close 
physical proximity and have some form of electromagnetic coupling between 
them. This type of coupling is often desired and exploited in the case of 
directional couplers or edge coupled band pass filters. The other type of 
coupling, the parasitic coupling, is unwanted coupling often occurring in dense 
packaging situations, and which results in crosstalk. Crosstalk can degrade 
the performance of the circuits and precautions should be taken during 
designing to avoid crosstalk.
In this chapter the effects of crosstalk at frequencies ranging from 80 GHz to 
120 GHz are investigated. Design rules for the minimum distance between 
two transmission lines have been produced. Isolation structures to reduce 
crosstalk and area required for isolation were also investigated. So far, there 
are no data available in the literature on crosstalk and crosstalk isolation 
structures at high frequencies. Also, there is no reported data available on 
crosstalk in multilayer circuits.
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8.2 Test Circuits
In this investigation, two parallel microstrip transmission lines, shown in figure 
8.1, were used to simulate the crosstalk effect. The transmission lines were 
made to be 50 Cl, taking account of dielectric permittivity, substrate height and 
frequency. This was to reduce mismatch that would contribute to higher 
radiation loss. The lengths of the transmission lines were made to be 9 mm.
,521
,531
511
541
Figure 8.1: Test structure for measuring the crosstalk (also shown are the S-parameter
definitions)
The entire signal applied to port 1 should, theoretically, be transmitted to port
2. As this test structure was not designed as a microstrip coupled line circuit, 
any signal coupled to port 3 or port 4 was considered as crosstalk. Previous 
work reported in the literature shows that forward coupling (S37) is more 
pronounced than backward coupling (S41) [1]. In this investigation a minimum 
isolation requirement for a good performance was established as a guideline. 
The minimum requirements are presented in table 8.1.
TABLE 8.1: Minimum requirement for good performance
S-Parameter Minimum Requirement
S21 (thru) -0.5 dB
S31 (forwards coupling) -15 dB
S41 (backwards coupling) -40 dB
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The dielectric and conductor used throughout the experiment were assumed 
to be lossless. This was to make sure the results obtained were only due to 
crosstalk and not due to any other sources of loss.
8.3 Physical Test Structure Effect on Crosstalk
In this section, the crosstalk between the transmissions lines as a function of 
the physical properties involved in designing circuits, such as the substrate 
thickness and permittivity, were investigated.
8.3.1 Effect of Substrate Height on Crosstalk
To start with the effect of substrate thickness on crosstalk was examined. The 
distance between the two transmission lines, s, was selected arbitrarily to be 
800 um and £r to be 7. These values were maintained throughout this 
investigation. The dielectric thickness was varied from 50 um to 250 um and 
the S-parameter performance was studied. Work at 1 GHz to 20 GHz has 
shown that for every 25.4 pm  of decrease in substrate height, the crosstalk is 
reduced by approximately 3.4 dB [2].
Figure 8.2 (a) to (d) shows the S-parameter performance of the test structure 
with different substrate thickness. From figure 8.2 it is clearly seen that test 
structures with thinner dielectric have less crosstalk compared those with 
thicker dielectric. There is a change of 1 dB to 6 dB in S31 as the thickness of 
the dielectric is increased by 50 um. The crosstalk effect can also be 
observed on the 8 2 1 , as more energy coupled across the insertion loss in the 
circuits will increased.
The test structures with thicker dielectric suffer higher insertion loss compared 
to the test structures on thinner dielectric. The reason is because in circuits 
with thinner dielectric, there is stronger coupling between the transmission 
lines and the ground plane. However having thinner dielectric resulted in 
narrower transmission lines to satisfy the 50 Q requirements. Narrower 
transmission lines add a constraint to the fabrication process available, in that 
narrower lines can be difficult to fabricate. Some trade-off between 
performance and the limitations of the fabrication process being used must be 
made in order to be able to obtain circuits of reasonable performance.
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Figure 8.2: S-parameters for test circuits with different dielectric thickness
8.3.2 Relative Permittivity Effect on Crosstalk
To examine the effects of substrate permittivity on crosstalk, the test 
structures used in section 8.2 were investigated with a substrate height of 200 
um, and separation between the transmission lines of 4 times the height, and 
this was maintained throughout. The value of permittivity was varied from €r = 
3 to £r = 15 and effects on the S-parameters were observed. At lower 
frequencies (-200 MHz), other work has shown that by increasing the relative 
permittivity by from 4.5 to 20, the crosstalk increases by an average of 2.2 dB 
[3].
Figure 8.3 (a) to (d) shows the results from the tests. The test structure with 
lower permittivity exhibits less crosstalk compared with a test structure having 
higher permittivity. From figure 8.3 it can be observed that as the relative 
permittivity of the dielectric increases, the crosstalk between the two 
transmission lines also increases. As the permittivity increased from 3 to 15,
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there was a consequent decrease in transmission by average of 1.2 dB and 
increase in crosstalk by about 10 dB.
As permittivity of the dielectric is a measure of the ability of the dielectric to 
store energy within itself, higher permittivity material will have more field within 
the material. From the results, it is shown that crosstalk through the dielectric 
material path is the dominating factor compared to crosstalk due to the air 
path transmission. These results are also due to high permittivity test 
structures requiring narrower transmission lines compared to the test 
structures with lower permittivity, which need wider transmission lines. In 
wider transmission lines, nearly all the electric field is confined between the 
transmission line and the ground plane, resulting in less crosstalk and also 
less fringing field. This effect is similar to having a parallel plate capacitor.
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Figure 8.3; S-parameters for the test structures with different permittivity values for the
substrate.
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8.4 Crosstalk Reduction
In the previous section, the effects of substrate thickness and permittivity on 
crosstalk have been discussed. In this section the methods to reduce the 
crosstalk will be examined. Methods such as physical separation and the use 
of an isolation structure will be investigated, and design rules deduced.
8.4.1 Spacing between Transmission Lines
The most basic way to avoid unwanted coupling between two transmission 
lines is by placing them a reasonable distance apart. The further apart the 
transmission lines are placed, the better the crosstalk reduction [4]. However, 
there will be some trade-off between good isolation and the substrate area 
used. The circuit designer must know the minimum distance between two 
transmission lines to produce adequate isolation. As shown in section 8.3, the 
substrate thickness and permittivity play an important role in determining the 
amount of crosstalk. Now the spacing between the transmission lines, s, is 
examined to find the minimum spacing required. The spacing between the 
transmission lines was made to be multiple numbers of the substrate height, 
h, and the S-parameters of the test structures were observed. The relative 
permittivity of the substrate used was set at 7 throughout. As shown in 
previous section, the parameter of main concern is S31, hence only the S31 
results will be shown here.
Figure 8.4 (a) to (e) shows the spacing, s, required for minimum crosstalk for 
various values of substrate thickness, h. It can be seen that as the thickness 
increases a wider spacing is needed to achieve the minimum crosstalk value. 
This agrees with the results in section 8.3.1, where the test structures on 
thicker dielectric produce higher crosstalk, and as a result a wider spacing is 
needed. Placing the transmission lines closer than the minimum spacing 
value will only increased the crosstalk, this agrees with previous work [5].
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Figure 8 4: Minimum spacing required for minimum isolation for different dielectric thickness
Table 8.2 shows the value of the minimum spacing required to fulfil the 
minimum crosstalk requirement as a function of substrate thickness.
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TABLE 8.2: Value of spacing required at difference dielectric thickness
h (um) s/h s (um)
250 4 1000
200 5 1000
150 6 750
100 7 700
50 10 500
8.4.2 Crosstalk Isolation Structure
In section 8.4.1 the minimum spacing between two transmission lines, with 
respect to the dielectric thickness, was established. However there will be 
some design conditions where this minimum distance still cannot be satisfied 
due to requirements for high package density.
To further reduce the distance between the two transmission lines and still 
maintain good isolation, isolation structures can be used. At low frequencies, 
structures such as the solid and plated via fence are commonly used to 
improve isolation between transmission lines [5-7]. These structures will now 
be investigated at higher frequencies and the performance quantified. Other 
structures that have been used involve physically shielding the transmission 
line with a lid, this was to reduce the crosstalk through the air path [8].
The distance between transmission lines, and the effect of an isolation 
structure, will be examined to find the conditions for maximum isolation and 
good circuit performance. Also, the effect of varying the distance from one via 
post to another will be investigated. For this analysis, the same test structure 
as before was used. The only differences were that a via fence or solid wall 
was be placed in between the two transmission lines as shown in figure 8.5.
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wall
Figure 8.5: Transmission lines separated by isolation wall 
To start with, a 100 um wide solid wall was placed between the two 
transmission lines. A solid wall was thought to be impossible to fabricate in an 
LTCC structure [7]. However, previous work has shown that a plated wall can 
be fabricated into LTCC structure [9-10]. Plated and solid walls should have 
the same effect on the wave propagation. Here, the solid wall was assumed to 
provide perfect isolation as there will be no gap for the energy to escape from 
one transmission line to the other. The distance between the two transmission 
lines was then varied and the S-parameters of the circuits were measured. 
The dielectric thickness was set at 200 um, with a relative permittivity of 7, 
and transmission structure designed to match 50 Q. From Table 8.2, without 
the isolation structure inserted, the spacing required with the same substrate 
thickness for good isolation is 5 times the substrate height.
Figure 8.6 shows the S-parameters for the test structure with the wall between 
the two transmission lines. From the results, it can be seen that minimum 
distance for good performance with solid wall in between the two transmission 
lines should be 4 times the substrate height. Thus the distance needed for 
good isolation is reduced from 5 substrate heights to 4 substrate heights. This 
is equal to 20 % reduction in the space needed. It can also be seen that a 
spacing of 3 times the substrate height could be used, since the S21 and S31 
show isolation values close to the target value. However, in this case S41 was 
10 dB less than the target value. Using a spacing of 3 times the substrate 
height will reduce the space between the transmission lines by 40 %.
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Even though this investigation was only done at one substrate height, it can 
be used as a general guideline for any other substrate thickness, namely that 
a reduction in the spacing required can be reduced by at least a substrate 
thickness when a wall isolation structure is in place.
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Figure 8.6: S-parameters for test structure with wall isolation structure.
To check the effectiveness of the isolation structure, the performance of the 
structure with and without the wall was compared, and the results are shown 
in Figure 8.7 (a) and (b). From 8.7 (a), with s/h=4, by inclusion of the wall 
between the two transmission lines, the insertion loss reduces by 0.2 dB. 
Figure 8.7 (b) shows that, across the frequency band of 80 GHz to 120 GHz, 
the forward coupling are reduced by an average of 8 dB with the help of the 
wall isolation structure. These results show that the isolation structure not only 
reduced the space needed but also improved the performance of the test 
structure.
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Figure 8.7: Forward coupling values with and without wall isolation
So far the benefits of the wall as an isolation structure have been established. 
However, limitations in some fabrication process may not permit a solid wall 
or plated wall to be made. Solid walls can be fabricated in LTCC but can be 
problematic using other fabrication process such as thick film. To overcome 
this problem the solid or plated wall could be replaced by via fence structure. 
A via fence is a series of solid or plated via posts, positioned close together to 
form a fence-like structure, as shown in Figure 8.8. Previous work reported in 
the literature has demonstrated that metal-filled via posts positioned between 
two transmissions lines will not reduce the coupling and in fact increase the 
coupling between the lines [7]. The via improved reverse coupling and 
degraded forward coupling [11]. However, if the tops of the vias are 
connected together with a metal strip, the performance is improved 
significantly [1]. Other work also showed that by placing a connecting strip on 
top of the via fence, the crosstalk reduced by 5 dS to 15 dB [12].
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Figure 8.8: Example of test structure with via fence isolation structure 
Assuming a solid wall between the transmission lines provides the maximum 
crosstalk isolation, the distance between via posts was adjusted at multiples 
of the via diameter until the same performance as with the solid wall was 
produced. The distance, d, from one via post to the next was measured from 
the edge of the posts as shows in Figure 8.9. The via diameter was set to 100 
um, which was the same as the thickness of the wall structure used 
previously. The same basic arrangement of transmission lines as used in wall 
investigation was used here. The spacing between the two transmissions 
lines was made to be 4 times the substrate height, which is the minimum 
spacing required for wall isolation structure.
d/D=1,2,3A5,6
Figure 8.9: Via-to-via distance for the via fence structure.
Figure 8.10 (a) to (d) shows the S-parameter performance of the test structure 
with the via fence placed between the transmission lines. From the results it is 
apparent that the insertion loss and crosstalk decreased as the distance 
between the via posts decreased. Structures with d/D less than 3 produced 
more reasonable results, as a larger d/D ratio will introduce resonance in the 
circuits. These results indicate that closely spaced via posts confine the 
electromagnetic field, while more widely spaced via posts permit significant
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leakage of energy. The energy that escapes through the via fence will result in 
radiation loss, which contributes to crosstalk between the transmission lines.
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Figure 8.10: The S-parameter of the test structure with difference d/D via fence inserted
However, it is impractical to have via posts too close to one another. 
Manufacturers of LTCC or printed dielectric usually provide the user with the 
minimum via diameter and minimum via-to-via distance. General rules are 
that the minimum via diameter should equal the minimum dielectric thickness, 
and via-to-via distance should be 2.5 times the via diameter (d/D > 2.5) [13]. 
By having via posts too close together, the mechanical integrity of the whole 
structure will be affected. Also, it is not practical to have too many via posts as 
it will significantly increase the processing time.
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As mentioned before, a solid wall isolation structure provides the maximum 
isolation. The performance of via fences will now be compared to the solid 
wall structure to find the d/D value that gives the best performance when 
compared to the wall structure.
Figure 8.11 (a) and (b) shows a comparison of the insertion loss and crosstalk 
resulting from the use of the wall and via fence structures. It can be seen that 
test structure with via fence suffers from minor attenuation; however with d/D 
of about 3 the performance is comparable to that from the solid wall structure 
and still within the LTCC manufacture guideline on via-to-via minimum 
distance.
Frequency
 Wall
 Via (d/D=1)
 Via (d/D=2)
Via (d/D =3)
-0.1
-0.2
-0.3
-0.4
-0 5
-0.6
120100 11080 90
•16  Wall
 Via (d/D=1 )
 Via (d/D=2)
Via (d/D=3)
•18
-20
-22
-24
-26
-28
-30
-32
-34
80 90 100 110 120
(a)
Frequency
(b)
Figure 8.11; Compared performance between wall isolation structure and via fence isolation
structure at s/h = 4
8.5 Crosstalk in Multilayer Structure
Another widely used method to reduce package size is by using multilayer 
structures. In a multilayer structure, transmission lines are routed on 
difference layers buried within the package. To achieve significant size 
reduction, it would be impossible not to have two transmission lines on top of 
another. It is not a significant problem with stripline type transmission lines are 
used as the signal paths are shielded by ground planes [14]. However, for 
buried microstrip transmission lines, crosstalk between two transmissions
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lines at different layers is possible. To date, there is no published data on 
crosstalk in multilayer transmission lines.
In a single layer circuit structure, unwanted coupling usually happens from 
one transmission line to the adjacent transmission line through the same 
dielectric layer. In a multilayer circuit, there is usually more than one condition 
for crosstalk to take place. Crosstalk can take place between adjacent 
transmission lines on the same layer and also to the transmission lines on 
other layers of the structure.
Figure 8.12 illustrates two of the possibilities for crosstalk to take place in 
multilayer structures. For the situation shown in Figure 8.12 (a) it is assumed 
that the same design rules apply as in the single layer since both transmission 
lines are on the same layer. The structure presented in Figure 8.12 (b) is of 
more interest due to the existence of additional dielectric layer between the 
two overlapping transmission lines. This overlapping will cause the structure 
to theoretically exhibit higher crosstalk due to the greater coupling.
(b)
Figure 8.12: Possibility of crosstalk in multilayer structure.
The test structure for this investigation of crosstalk in multilayer circuits is 
shown in Figure 8.13, where hi is the dielectric thickness between the two 
transmission lines, /?2 is the thickness of the dielectric from the ground plane 
to the lower transmission line and s is the spacing between the two 
transmission lines calculated from the edge of the two lines. For work done in 
this section, s will be made equal to multiple values of hi. The general 
perception is that the crosstalk between the two transmission lines will be a 
function of the hi thickness and not independent of /?2 thickness These 
perceptions will be taken into account and investigated.
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Figure 8.13: Test structure to find crosstalk in multilayer structure.
To investigate this effect, three test structures will be simulated. The 
parameter of the test structure is given in table 8.3. The value of s is then 
adjusted to find the minimum spacing required for good isolation. 
Observations were then made of the effects on the S-parameters of changing 
the spacing between the two transmission lines by multiples of hi. The 
transmission lines in all test structure are made to be 50 Q.
TABLE 8.3: Parameter of the test structure
Test Structure h i (um) h2 {um)
1 50 200
2 100 200
3 100 100
Figure 8.14 (a) to (d) shows the S-parameters of the test structurel. From this 
figure it can be seen that the minimum spacing required for good isolation is 
20 times the thickness of hi.
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Figure 8.14: S-parameters of multilayer test structure (hi=50 um and ti2 = 200 um) with various
spacing between the two transmission lines.
Figure 8.15 (a) to (d) shows the S-parameter of test structure 2. From the 
result he minimum spacing required for good isolation is 10 times the 
thickness of hi.
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Figure 8.15: S-parameter of multilayer test structure (/iy=100 um and /?2 = 200 um) with 
difference spacing between the two transmission lines.
To verify that the crosstalk between two transmission lines in the multilayer 
structure is associated with thickness of hi instead of thickness of ti2, test 
structure 3 was examined. This was a structure with both hi and ti2 equal to 
100 um. The spacing between the two transmission lines was then adjusted to 
find a value that would give good isolation.
Figure 8.16 (a) to (d) shows the result for the new test structure. The minimum 
spacing required for good isolation is about 7 times the substrate height.
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Figure 8.16: S-parameter of multilayer test structure (/7,=100 um and ti2= 100 um) with 
different spacing between the two transmission lines.
Table 8.4 summarizes all the results for all the multilayer structure. It is shown 
that the same spacing is needed in test structure 1 and test structure 2 
regardless of the thickness of h t If the results are related to the thickness of 
/?2, the same spacing of 5 times the thickness will be obtained for both 
cases. This is also the identical value of spacing needed in the single layer 
test structure with the same dielectric thickness (refer table 8.2). Test 
structure 3 required total spacing of 700 um. This is the same spacing 
required for single layer structure with substrate thickness of 100 um. This 
result proved the crosstalk in a multilayer structure is a function of the f?2 
instead of hi.
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TABLE 8.4: Summary of the crosstalk in multilayer structure
Test structure h i (um ) hz (um ) Min. s /h i s (um ) Min. s /h 2
1 50 200 20 1000 5
2 100 200 10 1000 5
3 100 100 7 700 7
From the results presented in this section, it can be seen that both the single 
layer and multilayer test structures exhibit the same crosstalk with respect to 
the substrate thickness. As a result the same result in single layer can be 
applied in the multilayer structure. Hence test structures with lower permittivity 
and thinner dielectric (f?2 in case of multilayer) will produce less crosstalk, 
which results in less required spacing between the transmission lines. A 
crosstalk isolation structure could also be used in a multilayer structure. It can 
be assumed that the spacing required for good isolation in multilayer 
structures, with the isolation structure present, will also be the same as in 
single layer structures.
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8.6 Discussion
The factors that contribute to crosstalk in high frequency circuits have been 
discussed. It has been established that physical properties of the test 
structure contribute significantly to the degree of crosstalk. The work done has 
indicated that having thicker dielectric will increases the prospect of crosstalk 
in the circuits. Therefore one way in reducing the crosstalk is by using thinner 
substrates. Using dielectric with lower permittivity will also reduce the 
crosstalk, but often this is not an option for the designer, because low 
permittivity results in physically larger circuits. In practice, there will need to be 
a trade-off between electrical performance, dielectric availability and the 
limitations imposed by the fabrication processes in order to obtain an optimum 
design.
The minimum distance between two transmission lines to satisfy the minimum 
isolation requirement has been established. As test structures with thicker 
dielectric exhibit higher crosstalk, an increased distance between the two 
transmission lines is required, compared to the test structures on thinner 
dielectric.
The solid wall and via fence structures have been characterized in terms of 
crosstalk. The solid wall produces the best isolation as there is no chance for 
energy to escape. But the via fence can be used to replace the solid wall 
where limitations in the fabrication process do not allow solid walls to be 
fabricated. If the distance between adjacent vias is less than 3 times the via 
diameter the performance of the via fence is comparable to that of the solid 
wall.
The use of an isolation structure reduced the necessary spacing between the 
two transmission lines by an amount equal to the dielectric thickness, and 
reduced the crosstalk by an average of 8 dB. Crosstalk in multilayer structures 
was also investigated. The study showed that the amount of crosstalk was a 
function of the thickness of dielectric between the lower transmission line and 
the ground plane instead of the thickness of the dielectric in between the 
transmission lines. Furthermore, it was shown that the same design rules as 
apply in the single layer can be used in the multilayer structure.
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Chapter 9
Conclusions
9.1 Summary of Findings
Throughout the thesis, various works has been done towards achieving the 
main goal of the project, which was to investigate the miniaturization of 
microwave and millimetre-wave circuit components. The results for each 
stage of the work were discussed individually at the end of each respective 
chapter. Here is a summary of the findings:
1. New data on dielectric material, especially LTCC, at over the frequency 
range 145 GHz to 200 GHz was obtained. The data show that LTCC 
has the potential to be used in this frequency range, but LTCC tapes 
from certain manufacturers have high loss tangent that might make 
them unsuitable for use at high frequencies.
2. A new method to characterize dual-layer material by utilizing mixing 
theory was developed. This method enables the free-space 
measurement technique to be used to characterize materials, such as 
thick-film, that required additional substrates for mechanical support.
3. A low loss tuneable ring bandpass filter that a incorporated distributed 
planar capacitor was developed. This eliminates the need for loss 
compensation circuits, which in turn leads to a reduction in cost and 
provides miniaturization.
4. It was shown that barium strontium titanate material, although it has a 
high loss tangent, can still be used for low loss applications at high 
frequencies.
5. A narrowband inductive post bandpass filter was designed and tested 
at 150 GHz. The filter gave good performance but the design required 
existing formulae to be modified. This work provided a prototype for 
subsequent implementation of the filter in LTCC. The design using air-
1 8 6
filled waveguide was a response to the high dielectric loss measured in 
LTCC. By using air-filled waveguide (within LTCC), the need for 
dielectric is eliminated.
6. A set of design rules to minimize crosstalk in single and multilayer 
circuits was developed. These provide useful guidelines for designing 
circuits at higher frequencies.
The information generated in this thesis will be useful for applications at 
microwave and millimetre wave frequencies and will especially contribute to 
miniaturization process.
9.2 Further Work
As a result of the outcomes of the work in this thesis, there is potential further 
work that can be done.
For the work on dielectric characterization, a greater range of material should 
be characterized. Material with different loss levels, magnetic materials, non- 
homogeneous and non-isotropic materials should be measured using the free 
space technique to check for the limitations of the method. Measurements 
with other well know technique could, where possible, be done to check the 
measurement accuracy.
As for the work on the tuneable ring bandpass filter, the structure can be 
made to operate at higher frequencies. The meander technique could also be 
applied to further reduce the circuit area.
The next step for the work on the narrowband bandpass filter will be to 
fabricate the filter in the air-filled LTCC waveguide. This will allow for fully 
integrated circuits and also will contribute to massive cost reduction. Making 
the filter using air-filled waveguide in LTCC will allowed better control on the 
fabrication process, and the better fabrication tolerances should improve the 
electrical performance. Further work can also include work on minimizing the 
dependency of the design formulae on the CAD simulator.
The other further work that can be done is to take advantage of current new 
materials, especially thick-film materials. New material such as carbon
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nanotube thick-film could be used to replace the need for metal materials in 
the isolation structures. Carbon is not only a good conductor but also a good 
absorber. Replacing the isolation structure with non-metallic material will 
reduce the cost of the circuit packaging process.
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Abstract: New data are presented on the behaviour o f BST (Barium Strontium Titanate) at millimetre- 
wave frequencies. A  free-space technique was used to characterize both thin-film and thick-film BST at 
frequencies between 150GHz and 155GHz. The main useful outcome o f the work was in showing 
through practical measurement that moderate losses in BST mean this material can provide a useful 
tuning element at high millimetre-wave frequencies.
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1. INTRODUCTION
The trend towards using higher millimetre-wave frequencies for communication systems has created a 
need for accurate characterization of substrate materials at these frequencies. However, there is a problem in 
merely extending the measurement techniques commonly used at lower microwave frequencies. These 
techniques fall into two general categories, namely waveguide-based systems for measuring dielectric 
properties, and the use of planar test circuits, such as the resonant ring, for measuring the combined 
properties of conductors and dielectrics.
Waveguide measurement systems are not appropriate for G-band measurements, since the waveguide 
dimensions are too small to allow insertion of the dielectric samples under test [1]. Moreover, the dielectric 
materials that need to be tested are only available printed or deposited on another substrate. So waveguide 
cavity-based systems need to be calibrated with reference samples of the same supporting material, which 
can cause significant measurement errors.
Planar resonant rings can be used, but they rely on computation to separate the properties of the 
conductor and dielectric [2]. The equations used for the computation become suspect at G-band where, for 
example, the skin depth in the conductor (for Au at 150GHz) is less than the rms surface roughness. Under 
these circumstances it is difficult to precisely define the surface loss in the conductor. Thus an alternative 
technique for measuring dielectric properties is needed, that does not involve inserting samples into 
waveguide, nor the use of conductor patterns.
A free-space technique was used here to characterize both thin-film, thick-film and bulk BST sample. 
BST is a ferroelectric material whose permittivity is known to change as a function of DC electric field. The 
tunable property of BST has been exploited in many applications, such as tunable filters, phase shifters and 
antenna beam-steering circuits. By incorporating BST in microstrip circuits in a distributed maimer, the 
circuits can offer all of the advantages of planar microstrip circuits, plus a tunabale capability. At lower 
microwave frequencies, these types of circuit have mainly been fabricated using thin-film technology. 
Clearly using BST in a thick-film format has advantages, both in terms of lower cost, and in the opportunity 
to form multilayer structures. There is a common misassumption that the material is simply too lossy for 
useful application at these higher frequencies even though there has been no published data on the behaviour 
of the material at these frequencies.
This paper presents the effective permittivity, loss tangent and loss per unit volume of difference BST 
sample measured at frequency from 145GHz to 155GHz. The main useful outcome of the work was in 
showing through practical measurement that moderate losses in BST mean this material can provide a useful 
tuning element at high millimetre-wave frequencies.
2. THEORY
Free space dielectric measurement is a non destructive and contactless technique to measure dielectric 
properties [3-4]. It provides flexibility to do measurement under difference conditions, i.e. high temperature. 
It has so far been used to measure dielectric properties up to llOGHz [5]. The measurement setup only 
required two antennas to focus the microwave energy, a sample holder to hold the sample in between the two 
antennas, a flat piece of sample along with VNA system. The distance between the horn antennas to the face 
of the sample must be beyond the far field to ensure plane wave propagation.
There are few methods to characterize material using free space. It may be categorized by three 
contrasting pairings of practical approaches to the measurement of [6]:
1. Transmission or reflection method.
2. Focus beam or un-focus beam.
3. Intrinsic or extrinsic data.
In this paper, the un-focused beam method is used in the measurement and the intrinsic data was 
collected. At the lower frequencies, focused beam method was more appropriate to be used. Because of the 
longer wavelength at lower frequencies; larger distances were required just to reach the far field. This leads 
to the need for a very large sample just to encompass the 3dB bandwidth, hence lenses are used to focus the 
beam and reduce the sample area. At high frequency the lenses are not needed. Even in the far field of the 
antenna the area needed to cover 3dB bandwidth is still considerably smaller than typical samples. Fig.l 
shows the difference in the sample size at low and high frequencies.
For 8Ghz-18GHzh For145Ghz- 220OHih
Far field 
=2HH /lambda 
-(2X85m)/Cc/18G) 
=867mm
Far field:
=2HH /lambda 
=(2X 6 8m)/(G/150G) 
■4624m tn
=352.78mm X 377mm
beamwkfth area:
=16 33mm X 16 33mm
Fig.l The difference in the size o f the sample needed at K and G band.
The transmission method is used to calculate the material properties. In this method the permittivity and 
loss tangent of material is determined from the transmission and reflection of the sample under test. The 
material is assumed to be non-magnetic (|ur=l+jO) and the effective permittivity and loss tangent can be 
calculated by [5]:
Where
7(1- r ^ )  
1 - r 'T " (1)
r =
(2)
And
0)
k and Zsn are the normalized propagation constant and normalized characteristic impedance which 
express as:
1
(4)
k
3. MEASUREMENT TECHNIQUE
The dielectric samples under test, except for bulk BST, were formed as thin layers on top of a supporting 
50mm X 50mm alumina substrate, as shown in Fig.2, where the thickness of the layers being tested is h.
Alumina
_ Test 
material
Fig.2 Test samples
The BST used in the measurement was in the form of sputtered thin film and thick-film paste. For the 
thick film BST, the paste was printed onto a 635pan thick alumina substrate, dried and fired in the normal 
way. The printed and fired layers measured to give an overall thickness of 16)Lim. The BST material was 
sputtered onto the 635pim alumina using an RF magnetron sputtering machine in an Argon/Oxygen 
environment. The samples have a 350nm thick layer of BST.
Fig.3 shows the experimental setup for the measurements. In this setup, no focus lenses are used. The 
distance between the two antennas is 92mm and the distance between the each antenna to the face of the 
sample is kept to 46mm which is beyond the far field of the antenna. The WR5 pyramidal horns that were 
used each had 20° E-plane and H-plane, which meant that the main beam only illuminated an area of 
16.3mm x 16.3mm, within the 50mm square tile. The 50mm square tiles are large enough to cover three 
times the 3dB bandwidth, so the diffraction from the sample edge edges can be neglected. This minimizes 
the measurement error and improves the accuracy.
Fig3. Sample under test.
The horns were connected to an HP8510 VNA, which had Olsen extenders to cover the frequency range 
140GHz-220GHz. The Model 9000 probe station was modified especially for the purpose. The probe station 
is mounted with micrometre lead screws, which allows accurate movement of the antenna to ensure that 
precise measurements can be performed.
At these very high frequencies, together with the measurement setup having no focusing lenses, it is 
extremely important to calibrate the system well. However calibrating the network analyzer at these 
frequencies is very challenging as there are no available standard. The thru, line, reflect (full two port TRL) 
calibration technique together with 0.5 ns time-domain gating is used to calibrate the system
The measurement system was calibrated for S-parameter measurements using
• Reflect: A copper plate in place of the dielectric sample. Antenna at port two was moved by the 
same distance as the thickness of the copper plate.
•  Line: The copper plate was removed. The distance between the two antennas was unchanged.
•  Thru: Supporting alumina tile was left at the same place. The antenna at port 2 was moved back 
to original position.
The reference planes of the measurement will now be located at the face of the sample. The sample 
holder should not be move at anytime during the measurement. The calibration system and the time domain 
gating should then have taken account of the diverging reflections from multiple reflections inside the 
sample.
4. RESULT AND DISCUSSION
The measurement was done by using the transmission/reflection method. The measured N,, and were 
then used to calculate the complex permittivity and loss tangent. The measurement was done at frequency 
range from 145 GHz to 155 GHz. All samples were prepared beforehand and the thickness of each sample 
was measured.
To verity the system, known materials were first measured. RT-Duroid and alumina were placed in the 
sample holder and the transmission and reflection of the sample were measured. Fig.4 shows the result of the 
measurement. The RT-Duroid permittivity was measured to be around 2.4 and the alumina gave permittivity 
of around 8.5. These results follow the extrapolated path of the permittivity’s that have been published at 
frequencies up to 110 GHz [5-7].
-A lu m in a  
-  RT Duroid
Fig.4. the permittivity o f 96% alumina (635um) and RT-Duroid (1.57mm)
For the BST material, only the thick film sample and the bulk BST produced significant result. The 
results were shown in fig.5. For the thick film BST, the sample was measured as dual-layer dielectric sample. 
Equ.fS  ^ was then used to separate the permittivity of BST from the permittivity of alumina [8]. Where
'measured is the total measured permittivity and ^ is the volume fraction of the sample.
Frequency
Fig.5. measured permittivity o f bulk polycrystaline BST (7.499mm) and Thick film BST (0.042mm)
' measured
However, these techniques appear to be unreliable for very thin samples. The tests on thin film BST 
sample which have thickness of only 350nm were unsuccessful. This was due to the sample thickness to be 
much less then half a lambda. For very thin sample, other methods such as planar might be more suitable.
The losses in the material were also measured and shows in fig.6. Here the straight loss values were
calculated from the transmission and reflection of the sample using the formula : =1 — ■
For the BST sample, the system was calibrated with alumina so that only the thick film BST loss was 
measured.
Frequency
Fig.6; the loss measurement o f BST thick film and RT-Duroid.
As expected, the results show that RT-Duroid had the lower loss compared to the BST. The values of 
measured permittivity in alumina and RT-Duroid are of the order that would be expected from extrapolation 
of published data at lower frequencies, and thus provide some confidence in the validity of the free-space 
measurement technique.
The other results are interesting because they show that BST exhibits a reasonably low loss at G-band, 
indicating that all of the benefits or BST that are currently being exploited at lower microwave frequencies, 
can viably be extended to the high millimetre-wave range. Furthermore, although BST exhibited much 
higher loss than RT-Duroid, only small amounts of BST would normally be used in a tuning circuit, and thus 
results suggest that the Q of these circuits would still be very good over this high frequency range.
5. CONCLUSION
There were three main outcomes of the work:
(1) The proposed free-space measurement technique was shown to yield reasonable results at 150GHz.
(2) The measured losses in LTCC indicated that this still provides a viable substrate material at G-band.
(3) The moderate levels of measured loss in BST suggest that this material can still provide a useful 
tuning element at very high millimetre-wave frequencies.
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Abstract
New data on the properties of dielectrics normally used in planar circuits, along with a 
technique for characterizing dielectric materials at high millimetre-wave frequencies, are 
presented. Comparative data are presented on the dielectric constant (sr) and ioss 
tangent (tan ô) for different types of LTCC substrate. A free-space technique was used 
for the evaluation of dielectrics. The measurement data provided useful information on 
the permittivity and losses in materials at high mm-wave frequencies.
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1. Introduction
Low temperature co-fired ceramic (LTCC) 
technology enables the creation of monolithic, 
three dimensional, cost effective microwave 
circuits at low cost[1-3]. It combines the 
benefits of HTCC with those of thick film 
process to satisfy the demanding electronic 
market. Thus it is an advanced and valuable 
solution for miniaturization in electronic 
packaging. LTCC has been used widely in 
applications from automotive to military 
systems. This is due to the high reliability, with 
excellent electrical performance, offerred by 
the process at low cost.
The particular advantages of LTCC are[4]:
• Potential for parallel processing
• Low loss tangent
• Better control over dielectric
properties (Sr, tan5 and thickness)
• Easy realisation of VIAs and
cavities
• Straightforward integration of
active and passive components
All these advantages make it potentially 
very attractive for use at high frequencies.
especially G-band. However, the lack of 
published material data at these frequency 
bands can lead to problems in the precise 
design of circuits at G-band, and hence it is 
necessary to establish a proper materials 
characterization process at these frequencies
A free-space technique was used to 
characterize the LTCC tapes. This technique 
was chosen over the normal waveguide-based 
systems, and over planar techniques, due to 
the simplicity of the measurement setup. To 
use the waveguide technique at these 
frequencies would require very small materials 
samples to be prepared and precise 
placement of these small samples into the 
waveguide [5]. This can be problematic and 
cause significant measurement error.
Planar measurement techniques at these 
high frequencies suffer from several 
uncertainties in the measurement. These are 
because planar technique, such as resonant 
ring, measure the total performance of the 
circuit and rely on computation to separate out 
the individual properties of the conductor and 
the dielectric. The reliability of the equations
used for the computation decreases at high 
frequencies due to the difficulty of precisely 
defining the surface loss in the conductor, 
when the skin depth in the conductor is less 
than the rms surface roughness[6]. Thus an 
alternative technique for measuring dielectric 
properties is needed that does not involve the 
insertion of samples into waveguides and the 
use of conductor patterns. The free-space 
method described in this paper provides such 
a technique, and has been found to yield 
useful results.
This paper presents the intrinsic data, 
namely the relative permittivity and loss 
tangent, of different types of commonly used 
LTCC material.
The primary contributions of this paper are: 
(i) the generation of new practical data on 
LTCC material at frequencies from 145 GHz to 
220 GHz; (ii) the establishment of a new free- 
space measurement technique.
2. Theory
A dielectric may be defined simply as a 
non-conducting substance. It can be in form of 
solid, liquid or even gas. The most important 
properties of dielectrics is the relative complex 
permittivity, £*, defined as [7]
s =s -JS (1)
where £ is the real part of the complex 
permittivity and represents the energy stored 
in the material, and z represents the loss in 
the material. However, the loss in a dielectric 
is usually specified in terms of the loss 
tangent, tan ô, where
tan Ô = (2)
£ can vary from 1 for air, to greater than 
2000 for ferroelectric dielectrics, and tan 5 can 
be as low as 3x1 O'® for crystal to higher than 1 
in RAM material. Material with tan 5 less than 
3x10"  ^ is considered as low loss material, 
suitable for RF applications, and material with 
tan 5 higher than 3x10'^ is considered to be 
high loss [8].
The relative permittivity of a dielectric is not 
a fixed value and is dependent on several 
factors such as ambient temperature, humidity 
and frequency, however the focus of this 
paper is primarily on the frequency
dependence of the permittivity. The properties 
of the dielectric are critical elements in planar 
circuit design. The permittivity, thickness and 
loss of the dielectric influence the 
characteristic impedance of the line as well as 
the propagation constant [9].
When a plane wave is incident on a 
dielectric, there will be reflection, absorption 
and transmission of the signal. The relative 
complex characteristics of these quantities will 
depend on the properties of the dielectric.. 
This constitutes the basis for the free-space 
measurement technique.
Free space dielectric measurement is a 
non destructive and contactless technique to 
measure dielectric properties [10-12]. It 
provides flexibility to do measurements under 
different conditions, in particular over a wide 
range of temperature and humidity. It has so 
far been used to measure dielectric properties 
up to 100GHz [13].
The measurement setup only requires two 
antennas to focus the microwave energy, a 
sample holder to hold the sample in between 
the two antennas, and a flat conductor with 
which to calibrate the VNA system. The 
distance between the horn antennas to the 
face of the sample must be greater than the 
near field value to ensure plane wave 
propagation.
A crucial aspect of the measurement set 
up is that the main beam from the transmitting 
horn antenna must be totally within the area of 
the sample under test. Thus at lower 
frequencies, where longer distances are 
required for the sample to be in the far field, a 
sample with a large cross-sectional area is 
needed to enclose the beam from the antenna 
[14]. Therefore at the lower frequencies it is 
common practice to use lenses to focus the 
beam onto the sample. At high frequencies the 
lenses are not needed. Even in the far field of 
the antenna the area needed to cover the 3dB 
beamdwidth area is still considerably smaller 
than typical samples size. In this paper, the 
non-focused beam method was used in the 
measurement.
In this free space method the permittivity 
and loss tangent of material may be 
determined from either transmission or 
reflection measurements [8]. In the reflection 
method, a metal plate is placed at the back of 
the sample and the permittivity and loss 
tangent is calculated from the reflection 
coefficient. In this paper, a transmission
method is used to calculate the materials 
properties. No metal plate is needed for this 
measurement. The permittivity and loss 
tangent of material was determined from the 
transmission coefficient of the sample under 
test. The effective permittivity and loss tangent 
can be calculated using the theory given in 
[13]:
*^21 “
T ( i- r ^ )
i- r^ T " (3)
where
r  = A z i
Z„ +1
and
T = e -k d
(4)
(5)
Zn is the normalized impedance and k is 
the propagation constant of the sample.
where 
and
4s*
with
‘ • = ï
(6)
(7)
(8)
3. Measurement Technique
Each of the test samples was prepared 
from several layers of LTCC tape. These were 
cut, laminated and fired according to the 
manufacturer’s guidelines. It was essential to 
control the process carefully to ensure 
perfectly flat sample were produced.
Fig.l shows the experimental setup for the 
measurements. The distance between the 
each antenna to the face of the sample was 
chosen to ensure the sample was in the far 
field region. The far field can be calculated by 
using the equ.9 where D is the widest horn
aperture and A is the wavelength at the 
frequency of interest.
Far field distance 2 D ‘ (9)
Thus the distance between the each 
antenna to the face of the sample was 
maintained at 46mm. The WR5 pyramidal 
horns that were used each had a beamwidth 
of 20° in the E-plane and H-plane. The horn 
main beam only illuminated an area of 
16.3mm x 16.3mm in the centre of the LTCC 
tile samples. As all the sample were prepared 
as either 2 inch square or 4 inch square, the 
sample tiles are large enough to cover three 
times the horn main beam. This eliminated 
one of the main errors in the free-space 
technique, which is error cause by the 
diffraction of the beam around the edges of the 
sample.
The horns were connected to an HP8510 
VNA, which had Olsen extenders to cover the 
frequency range 140 GHz to 220 GHz. For 
these measurements, the Model 9000 probe 
station was modified so that the two horns 
could face each other and the rigid sample 
holder could be place in the middle. The 
advantage of using the probe station for this 
measurement is that the probe station is 
equipped with micrometer lead screws, which 
allow accurate movement of the antenna to 
ensure that precise measurements can be 
taken.
W '
F i g . l .  F r e e  s p a c e  m e a s u r e m e n t  s e t u p
It is extremely important to calibrate the 
system well In order to produce accurate 
measurement data. Calibrating the network 
analyzer at these frequencies is very 
challenging as there are no available
standards. The thru, line, reflect (i.e. full two 
port TRL) calibration technique together with 
time-domain gating was used to calibrate the 
system [14].
The measurement system was calibrated 
for S-parameter measurements using:
• Reflect. A copper plate in place of 
the dielectric sample. Antenna at 
port two was moved by the same 
distance as the thickness of the 
copper plate.
• Line: The copper plate was 
removed. The distance between 
the two antennas was unchanged.
• Thru: Supporting alumina tile was 
left at the same place. The antenna 
at port 2 was moved back to 
original position.
After calibration, the reference planes of 
the measurement were shifted to the face of 
the sample.
The time domain gating should be used on 
top of the TRL calibration to increase the 
accuracy of the measurement [15]. It allows 
the user to select the specific signal of interest, 
in this case the main reflection, and gate it. 
Gate functions act as filters in the time domain 
to remove the unwanted signal from 
measurement. These time domain gating 
functions eliminate another significant source 
of error in free space measurement, namely 
that due to multiple reflections and impedance 
mismatch.
To further minimize errors in measurement, 
the sample holder should not be moved at 
anytime during the measurement. It is a good 
practice to keep the copper plate used as the 
calibration reflector, and the sample, clean at 
all times. Contamination on these surfaces can 
cause the material under test to exhibit higher 
loss.
Finally, in our measurement procedure we 
assumed the material to be non-magnetic 
(Pr=1+jO), flat, homogeneous and isotropic.
fabricated using the normal LTCC fabrication 
process.
MATERIAL THICKNESS (MM)
Sample 1 0.830
Sample 2 0.720
Sample 3 0.775
Sample 4 0.785
Sample 5 0.490
T a b l e . 1 .  L l i s t  o f  L T C C  m a t e r i a l  u s e d  a n d  
t h e i r  r e s p e c t i v e  t h i c k n e s s
To make sure that the system is well 
calibrated and produced practical result for the 
range of frequencies concerned, the system 
was first tested by measuring RT Duroid. RT 
Duroid is a material which has no dipolar 
mechanisms hence it has exceptionally stable 
permittivity across the frequency range. The 
measurements obtained for the permittivity of 
Duroid were around = 2.327055 as shown in 
fig.2. The manufacture suggests that the 
permittivity is £p = 2.33 at 10 GHz. These 
result shows that the system is calibrated well 
and will produce useful results
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Sample 1 is one of the most widely used 
LTCC tapes. It is available in multiple 
thicknesses and is known for its reliability and 
stability during fabrication process. From the 
measurement, the average permittivity across 
the frequencies of interest was £r = 7.1, with a 
tan5 = 0.0212. The result of the measurement 
is shows in fig.3.
4. Result and Discussion
The measurement was done on five of the 
most commonly used LTCC materials. Table 1 
shows the dielectric samples used, together 
with respective thickness. Each sample was
 Permittivity
F re q u e n c y
F i g .3 .  P e r m i t t i v i t y  a n d  lo s s  t a n g e n t  o f  
s a m p l e  1
Sample 2 is the LTCC tape which has a 
unique self-constraining properties with nearly 
zero shrinkage in X and Y axis. Fig.4 shows 
the measurement result. The average 
permittivity is £r = 6.78 and average loss 
tangent of tanô =0.01122.
Fig.5 and fig.6 shows the permittivity and 
loss tangent of sample 3 and sample 4 
respectively. Both tapes are designed for 
wireless frequency application between 
2.45GHz to 100 GHz. The measurement 
produce average permittivity of sample 3 to be 
£r = 5.677 while sample 4 has permittivity is £r 
= 5.77. Average loss tangent for sample 3 and 
sample 4 is tanô = 0.078 and tanô = 0.048 
respectively.
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The sample 5 LTCC tape produced 
permittivity of £r= 6.058 and loss tangent of 
tanô= 0.028608.
Table 2 and table 3 show the measured 
values of permittivity and loss tangent 
compared to the manufacture value.
MATERIA
L
MANUFACTUR
E
PERMITTIVITY
MEASURED 
PERMITTIVIT 
Y (AVERAGE)
Sample 1 7.8 @ 3GHz 7.1
Sample 2 7.3 @2.5 GHz 6.78
Sample 3 5.9 @ 100 GHz 5.677
Sample 4 5.9 @ 100 GHz 5.77
Sample 5 6 @ 1MHz 6.058
T a b l e . 2 .  C o m p a r i s o n  b e t w e e n  m e a s u r e d  
p e r m i t t i v i t y  v a l u e  a n d  m a n u f a c t u r e  d a t a  
s h e e t .
As shown in table 2, the measured result is 
less than the manufacture’s given value. 
However this is not a fair comparison as only 
sample 3 and sample 4 material has so far 
been characterised by the manufacturer at 
frequencies of up to 100 GHz. For both of 
these materials the results produced by the 
measurement were acceptable as the 
permittivity of dielectric material will slowly 
decreased as frequency increased [16].
MATERIAL MANUFACTURE
LOSS.TAN
MEASURED
LOSS.TAN
(AVERAGE)
Sample 1 0.006 @3 GHz 0.021155
Sample 2 0.0026 @2.5 
GHz
0.01122
Sample 3 0.020 @ 100 GHz 0.007806
Sample 4 0.020 @ 100 GHz 0.004754
Sample 5 0.003 @ 1MHz 0.028608
T a b l e . 3 .  L o s s  t a n g e n t  f r o m  t h e  
m e a s u r e m e n t  c o m p a r e d  w i t h  m a n u f a c t u r e  
v a l u e
On the other hand, the loss tangent from 
the measurements produces interesting 
results. The loss tangent measured is much 
higher than the manufacture value.
5. Uncertainty Measurement
After the system was properly calibrated, 
the measurement obtain from the setup was 
assumed to be error free. However there is a 
possibility that the sample holder moved 
during process of changing the dielectric 
sample. These errors are usually human error 
in handling the measurement.
The sample holder used in the setup can 
hold the sample firmly in vertical direction but 
not in horizontal direction. As the sample 
holder was screwed to the metal base there 
was the possibility of it being twisted out of 
alignment during the measurement, thus 
causing the reference plane to be shifted. This 
would in turn cause an error in the angle of 
incidence of the wave on the sample, and 
change the area of the sample illuminated by 
the beam. At bigger angle some of the wave 
might not incident on the sample at all. This is 
demonstrated in fig.8.
ingle of
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Fig.9 shows the measurement results from 
the alumina sample. In this case the sample 
holder was purposely twisted to some desired 
angles during the measurement to see the 
effect. A circular protractor is used to 
determine the angle.
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As shown in fig.9 the permittivity of the 
sample under test increased significantly when 
the sample holder is at an angle. The small 
angle is the main concern here as angle more 
than 5 degree is visible by naked eyes and
can be corrected. Angle smaller than 5 degree 
is hard to notice hence usually left 
uncorrected.
The permittivity is affected by +/- 0.02 at 
small angle and + 0.1 at bigger angle. From 
these results, it shows that the change in 
permittivity at small rotation angle is negligible. 
Nevertheless users should try not to move the 
sample holder by any means to minimize any 
post-calibration error. It also a good practice to 
recalibrate the system after few 
measurements to minimize post-calibration 
error.
6. Conclusion
The characterization of LTCC at higher 
frequencies extending into G-band was to 
address the needs of developing wireless 
applications.
In this paper, LTCC has been 
characterized from 145 GHz to 200 GHz using 
free space technique. The outcome 
demonstrated that free space measurement 
technique could be used to yield reasonable 
result at G-band. Furthermore measurement 
on different types of LTCC material shows that 
permittivity and loss tangent of these material 
make it feasible to be used for high 
frequencies applications.
The measurement technique that has been 
reported can easily be applied in industrial 
situations, due to the simplicity, and 
acceptable accuracy, of the procedure.
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Optically Hidden, Secured Data 
of Matrix of Metal Squares 
by THz Wave Interaction
H.L: Hartnagel, D. Schonherr, N.H. Osman, 0. Free
Abstract -  THz security techniques can employ data carrying reflection or transmission patterns which 
consists of THz-wave structures covered by optically non-transparent but THz transparent paint. Simple 
examples were studied and the results are presented here. The required software approach is outlined.
Index Terms -  THz interaction patterns, security electronics, radar, radlometry
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1 Introduction
[t is common practice to have relevant information stored in 
optical patterns such as the well known bar or matrix codes as 
:ommonly experienced in supermarkets carrying data like 
prices as useful for accounting both with the customer as well 
as with the company administration. There exists an interest 
to realize this also for THz-wave reading, particularly since 
this pattern can be covered by a THz transparent, but optically 
non-transparent paint for security reasons. The information 
content can then not be recognized in particular by any 
outside person not having the relevant THz detection equip­
ment. It is even possible to work with flexible substrates and 
corresponding THz patterns of flexible metal materials as is 
being developed by a number of laboratories. In fact, instead 
of metal matrix bars, polymer bars of suitable material for 
THz interaction might be possible. The pattern might even be 
optically transparent but THz effective due to its dielectric or 
conductive properties [1]. Indeed, even money notes are 
produced by using flexible paints, which often contain THz 
affecting metals.
Therefore the following scheme is investigated both theo­
retically and experimentally in connection with the basic 
structures of such a matrix, namely simple square patterns. 
This does of course not mean that also other patterns could be 
used such as miniature antenna types like dipoles or coils, 
where the THz wave detection can be optimized for a given 
wave polarization.
Here then a matrix of THz-reflecting metal squares is 
employed, where the presence or absence of such squares 
carries corresponding confidential digital information. It is 
then required to read this by identifying the far-field reflection 
pattern by an array of receiving antennas above the metal- 
square structure after it is illuminated by a centrally posi­
tioned THz source.
THz imaging is an extensive activity at present. An example 
is the pulsed Fourier imaging system based on compressed 
sensing [2] which may be suitable for the THz metal square 
code reading as considered here. The detection at the Fourier 
plane can reduce the number of detectors necessary for the 
reconstruction of the THz image. Similarly, indirect holo­
graphic imaging is reported [3]. In a holographic process two 
wave fronts interfere on an aperture, namely the object wave 
and the phase wave. A complex object can be identified by 
deconvolving from the interference pattern. Here then a 
Fourier transform is used for fast imaging using commercially 
available components.
The following text outlines first the modeling employed so far 
with only preliminary results available. The Fourier plane as 
well as the holographic scheme describes two realistic 
experimental setups with corresponding analysis and finally 
some initial experimental approach.
2 Modeling concept used
The array of squares radiate by reflection. These radiating 
squares behave in a similar way as radiating or receiving 
phase-controlled antenna arrays, except that here no phase 
modulation exists. Such an array detects both the overall 
amplitude of the total reflected wave and the place of local 
amplitude and phase on the detector-antenna array. From 
these details, the placements of missing reflecting squares can 
be computed and therefore the digital data of the pattern of 
metal squares derived. The easiest receiving antenna would be 
again metals squares which are connected to Schottky diodes 
giving the amplitudes of received signals and additionally 
phase-identifying units. Instead of such squares, miniature 
horn arrays could be employed as successfully incorporated 
for THz signal processing by the new Planck and Herschel 
Space Telescopes of the European Space Agency [4].
The scheme envisaged here is an extension to well-known 
radar imaging by scanning a microwave beam [5]. The 
classical microwave radiometry is presented by [6]. Some of 
the transmitter and detector matrix realizations were pub­
lished previously [7] [8].
3 Fourier plane scheme
The experimental approach to be modeled involving the 
Fourier plane concept uses two lenses for collimating and 
focusing the THz beam.
The pattern matrix is placed a focal length away from the 
focusing lens of the detector. This geometry gives the Fourier 
transform of the pattern matrix at the Fourier plane behind 
the lens. The Fourier inversion of the recorded image
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reconstructs the original image. The resolution of this 
geometry is defined by the wavelength, the numerical 
aperture of the lens and the arrangement of the detector 
positions.
With the detector placed at the Fourier plane of the focusing 
lens, the pattern recognition can be enhanced by selectively 
measuring at certain points in spatial frequency space. 
Furthermore it can reduce the number of detectors necessary 
for reliable pattern recognition. .
4 Indirect holographic scheme
This approach involves the detection of the interference 
between the far-field pattern of the pattern object with a 
reference plane coming directly from the source .
If the complex distribution of the reference wave at the 
detection plane is known, the pattern field can be calculated 
by
F~^ FE„ F E re f
(1)r^ef
where F denotes the Fourier transform of the field. The 
convolution term contains the phase dependent part of the 
reflected beam, which can be separated in the spatial 
frequency spectrum. As shown in [3], the recording of the 
amplitude information at the detection plane is sufficient for 
the recognition of the pattern. The lateral resolution Ax of the 
system depends on the distance D between detection plane 
and pattern and the size L of the aperture:
A x  = 2L (2)
For the separation of convolution term a high resolution at 
the detection plane is necessary. The angle between reference 
plane and pattern beam should be selected carefully to reach a 
small number of detectors.
5 Experimental
In order to establish the validity of using high frequencies to 
identify changes in transmission through planar samples 
having different conductor patterns, we conducted experi­
ments at frequencies around 200GHz. This is similar to the
THz source 
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reflection schemes of Sections III and IV  above. The samples, 
shown in Figure 3, consisted of arrays of conducting squares, 
with arbitrary patterns of squares removed. The patterns were 
of copper deposited on 25mil thick alumina. For measure­
ment, the samples were positioned in the far-field region 
between two pyramidal horns, with the plane of the sample 
orthogonal to the direction of the beam. A VNA was then used 
to measure the transmission loss, |52i|, through the samples.
The measurement results in Fig 4 show that there is a 
significant difference in transmission loss through the five 
representative samples. This indicates that it would be feasible 
to detect information represented by different patterns. 
Moreover, by scanning the sample (either by transmission 
or reflection) all the possible complex codes can be read.
6 Digital identification
The transmission (or in an equivalent manner the reflection) 
can be used to identify the exact pattern by either transferring 
the detector antenna along the x and y coordinates or by 
scanning a suitably tunable phased array antenna. This would 
then give a function of |52i| versus x and y, out of which the 
exact pattern can be derived.
The experimental results of Fig.4 show that the absence of 
any particular metal square has a strong influence on |52i |. The 
important issue is given, when a metal square is missing 
directly above the mechanically moved antenna, such as given 
by pattern 3, 4 and 5. The value of |52i| goes from -13db 
upwards. When, however, such a central square is present, 
|52i I is representatively given by patterns 1 and 2. This means, 
[-values below -15db. By scanning then not only the status 
directly under the antenna has an influence, but also the 
neighboring positions. The identification of the pattern there­
fore has to use initially the rough scales of above -13db and 
below -15db. As a second step the finer details of the influence 
of the neighboring localities have to be identified in accord­
ance with the experimental details of Fig 3.
These evaluations have to be done by a suitable software 
program and can be performed very rapidly.
To apply this technique to any complexity of square 
patterns, detailed evaluations of the type of section V have 
to be made and the results have to be entered as parameters 
into the software.
An important issue is the reception (or transmission) beam 
of the relevant antenna. This beam should be very narrow in 
order to basically cover not more than the area of pattern of 
Fig. 3, although the total information carrying matrix code 
could be several square centimeters in size.
If the scanning is initially taking place along the x- 
coordinate, and the pattern size of Fig 3 is covered, it is not 
required to scan then along y over each of the rows of squares 
along X since the analysis outlined here takes into account the 
three or more x-rows, so that only every 4”’ or 6'*’ x-row needs 
to be scanned.
It would be important to design the required 200 GHz 
antenna based on dipoles in a crossed fashion and each 
connected to electronic tuning components. The resulting 
information is then to be displayed on a computer screen. This 
data can therefore only be identified by any operator who has 
such an analysis system available.
Such an approach is related to the at present much discussed 
body scanners of various companies. It may be a contribution 
to data security on documents such as commercial and other 
transactions, even for identification of personnel, for pass­
ports and bank notes.
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For this prototype experiment we chose a frequency at the 
upper end of G-band, but the results indicate that the 
technique could easily be extended to higher frequencies in 
the THz region.
The opportunity of using THz concepts for security 
techniques is outlined. It is suggested that this opens up a 
lew application area with numerous examples to be consid­
ered. Much further work is needed to mature this field, but its 
lotential significance is brought out in this publication.
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